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The characterisation and evaluation of a mechanically cooled, broad energy ger-
manium (BEGe) detector has been investigated, with potential application in
spectrometric interrogation of a 500 litre standard radioactive waste drum. The
BEGe detector is of cylindrical shape with a detection area of 6500 mm2, and
utilises a 0.6 mm thin carbon epoxy window to protect the crystal as well as
limiting the attenuation of low energy gamma rays. The detector was first cali-
brated using standard calibration sources of various energies at a stando  of 25
cm and measurements were taken for 600 seconds each to estimate the e ciency
and Full Width at Half Maximum (FWHM being the resolution) of the detec-
tor. The detector is thereafter slit-collimated with lead slabs of 10 mm apertures
to narrow the angle of acceptance from the position of emittance of the gamma
ray hitting the detector and essentially gives spatial location of the emitting ra-
dionuclide. The measurement procedure for the interrogation of the waste drum
involves segmenting the waste drum axis into 24 vertical segments of 5 cm step.
The collimated detector then applied to scan the waste drum from top to bottom
on each of the segments for each of the point sources used. Thereafter, radial
and angular scanning of the waste drum were performed at the segment with the
highest count rates. Image reconstruction for the localisation of the hotspots was
performed by combining the vertical count rate obtained with either the angular or
radial count rates, and the combined data were implemented using a filtered back
projection (FBP) algorithm developed using a MATLAB code. The total activity
of the sources within the waste was calculated by taking the average of all the ac-
tivities from each radial segment of the drum. The measurement procedures were
repeated for an extended 137Cs source 15 cm long and 1.5 cm diameter. The results
indicated that a well collimated BEGe detector is suitable for the localisation of
hotspots and quantification of activity of the source inside the drum. Remarkably,
a reconstructed image of length 14.9 ± 1.7 cm for the extended source shows the
e ectiveness of the BEGe detector for imaging of the di erent forms of hotspot.
Furthermore, Monte Carlo simulations performed to validate the activity of the
sources and estimate the attenuation e ects of some attenuating materials on the
ii
activity of the sources clearly showed that an accurate utilisation of the MCNP
simulations technique can obviously be applied to improve the quantification of
the activity of the source, and estimation of the attenuation e ects of matrices on
the activity of the radioactive waste drum.
Additionally, the feasibility of improving the localisation of hotspots with Comp-
ton camera is presented. The Gamma-Ray Imager plus (GRI+), a three-tiered
Compton camera imaging system, designed at the Precisions Radiometrics Instru-
mentation Development and Education (PRIDE) Laboratory comprised of a cir-
cular orthogonal-strip lithium-drifted silicon Si(li) detector as scatterer, a cuboid
orthogonal-strip HPGe detector as absorber and a coaxial HPGe detector. Data
were acquired for two 137Cs point sources positioned 30 cm apart inside the waste
drum. Using the analytical image reconstruction algorithm developed at the Uni-
versity of Liverpool, an intensity location on the surface of the cone, known as a
Compton cone, was back projected into an imaging slice for each event. A multi-
ple number of reconstructed cone projections onto a two-dimensional imaging slice
produces an intensity map which represents the location of the hotspot. FWHM
of 69.47 ± 1.50 mm and 74.98 ± 2.77 mm were obtained for the two 137Cs point
sources. The results from this novel technique that has not been used to image 500
litre standard waste drum show that the FWHM values for the GRI+ are lower
than those obtained from the BEGe detector system indicating a good image res-
olution. The Compton camera is a reliable alternative for hotspot localisation as
it distinctively resolved two 137Cs point sources of di erent activity and source po-
sitions. This technique is therefore recommended for radiological characterisation
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One of the most remarkable events of the late 1950s in the nuclear industry was
the commercialisation, and an increased dependance on nuclear power for elec-
tricity generation by many countries of the world. This, notably, came during
the world oil crises that saw many countries adding nuclear energy to augment
their electricity generation. This not only increased the number of nuclear re-
actors operating worldwide but more importantly and worryingly, increased the
quantity of radioactive waste being generated worldwide. Many years down the
line, there has been large amount of nuclear/radioactive wastes generated from
these nuclear reactors that are on temporary storage waiting for either perma-
nent storage or final disposal. However, the limited number of storage facilities is
delaying the permanent storage of these accumulated wastes. Apart from the op-
eration of nuclear reactors, there is an increased in the amount of low level waste
on temporary storage as a result of increased in the use of radioactive sources or
materials in hospitals, agriculture, industries (such as oil and gas) and research
institutes. The health risk associated with these radioactive wastes is that the
unstable radionuclides found in the waste streams attain nuclear stability through
one or a combination of radioactive decay processes by emitting gamma-rays, neu-
trons and charged particles. These emitted radiations constitute a health risk to
both humans and the environment. Therefore, it becomes imperative to employ
best practice for waste management processes in order to minimise the adverse
e ects of these radiations coming from the accumulated wastes. The fundamental
procedure of achieving this is by characterisation of the waste containers/drums
to generate information that will aid in handling and proper management of the
waste.
According to the data published by the International Atomic Energy Agency
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(IAEA) and shown in Table 1.1, the combined global solid radioactive waste in
storage for low level waste (LLW) and intermediate level waste (ILW) as at 31 De-
cember 2013 stood at 3,939,000 m3, representing 62.3 % of the total global storage
volume. Similarly, the combined global solid waste in disposal for LLW and ILW
is estimated at 20,558,000 m3, representing 72.2 % of the total global packaged
volume [91]. The UK radioactive waste inventory as at 1st April 2019 shown in
Table 1.1 indicates that about 38 % of the total waste in storage are in the LLW
and ILW categories, and about 40 % of the total packaged wastes are classed as
LLW and ILW. Remarkably, 97.6 % of the number of packages are for the LLW
and ILW category. The data clearly showed that a significant amount of the solid
wastes are in temporary storage waiting for permanent or final disposal. Disposal
of these stored radioactive wastes requires proper characterisation programme (as
illustrated in Figure 1.1) to produce parameters related to the individual waste
Table 1.1: Comparison of global and UK solid radioactive waste inventory. The
Global data are as at 31 December 2013, [91], while UK data are as at 1 April
2019 [2].
Waste Reported Volume Packaged Volume Number of
Category Global UK Global UK Packages
(m3) (m3) (m3) (m3) (UK)
HLW 22,000 1,390 0 1,500 7,660
ILW 460,000 247,000 107,000 499,000 292,000
LLW 3,479,000 1,480,000 20,451,000 1,280,000 22,300
VLLW 2,356,000 2,830,000 7,906,000 2,690,000 0
Total 6,317,000 4,560,000 28,464,000 4,470,500 321,960
ú
HLW represents high level waste, and VLLW stands for very low level waste.
package. The information obtained from the waste characterisation helps in pro-
viding more insight into the waste streams, ensure that the waste management
processes comply with statutory and regulatory requirements relevant to waste
acceptance criteria (WAC) and finally, ensure quality assurance during the waste
management processes.
The key elements of specific waste properties on which data are collected during
waste characterisation are the radiological, chemical, biological, thermal, physical
and mechanical properties of the waste. The development of waste characterisa-
tion procedures requires the knowledge of the waste acceptance criteria (WAC)
for disposal and final storage of radioactive waste. Typically, the WAC specifies
• Limits on the concentration of radionuclides in wastes.
• Limits on the activity of radionuclides to be disposed of at a given time.
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• Physics and chemical properties such as leachability, limits on free liquids,
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Figure 1.1: General procedure for the characterisation of radioactive waste
modified from [82].
1.2 Motivation
It has been projected that the majority of the radioactive waste will come from
decommissioning of nuclear facilities. This projection is on the basis that most
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reactors built in the 1970s and early 1980s are now nearing their end of lifetime
and as such are either due for decommissioning or will be due in the near future.
Early characterisation is highly recommended as it helps to appropriately segre-
gate and control the waste streams early in the decommissioning life cycle. This
approach will ensure that the greater proportion of the waste is classified appro-
priately. The most critical part of the waste properties that requires continuous
characterisation is the radiological property as it directly impacts on humans and
the environment. The main focus of the work presented in this thesis is to evaluate
the responses of the Broad Energy Germanium (BEGe) detector, a high purity
germanium detector, on radiometric interrogation of a 500 litre standard waste
drum and the objectives are outlined in the following:
• To e ectively evaluate the use of slit collimated BEGe detector in source
activity quantification and localisation of hotspots in a 500 litre standard
waste drum.
• To utilise MCNP simulations to model the BEGe detector responses to a
500 litre standard waste drum with a view of improving the computation of
the source activity.
• To investigate the e ects of matrices on the attenuation of gamma-rays in a
waste drum
• To evaluate the feasibility of using the Gamma-Ray Imager plus (GRI+) to
localise hotspots in a 500 litre standard waste drum.
The main contributions made by this research work are outlined as follows:
• Improving, through MCNP simulation, the activity computation for both
axial and non-axial positions of the source.
• Computation of the gamma-ray transmission factor and % attenuation for
four matrices.
• Identification of the variation in intensities for two sources despite small
percentage di erence in activity.
• Novel imaging of a 500 litre standard waste drum using Gamma Ray Imager
plus (GRI+) for the localisation of source(s).
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1.3 Commercial Techniques
The increased in decommissioning activities for nuclear facilities had resulted in
the availability of several commercial techniques for gamma-ray measurements
for Nondestructive Assay. The first ever SGS was developed by the Los Alamos
Nuclear Safeguards programme used to estimate the radionuclide content of low-
density scrap and waste containers [61]. There are currently di erent types of
radioactive waste assay system utilised commercially for waste characterisation.
These instruments are designed to identify the location of the hotspots as well as
provision of the spectroscopic information of the radionuclides.
The ANTECH G3200-340 SGS Model
The ANTECH G3200-340 SGS model comprises a shielded and collimated HPGe
coaxial detector of 20 % e ciency, a transmission source positioned on the oppo-
site side of the drum and mechanism to rotate and elevate waste drum as shown in
Figure 1.2a. This technique was developed for non-destructive assay of radioactive
waste containers, involving low-level and intermediate level waste (LILW), utilised
emission and transmission source to determine the attenuation correction on a seg-
ment by segment basis for the entire drum. The system is designed for measuring
up to 200 litre drums containing gamma-ray emitting radioactive waste. SGS is
suitable for accurate measurement of low-density waste samples as well as high
density waste samples known to be uniform and homogeneous. The system, how-
ever, introduces substantial bias/uncertainty when assaying heterogeneous waste
samples.
The ANTECH G3850-34 TGS Model
The ANTECH G3850-340 TGS model composed of the basic components as the
G3200-340, including a collimated HPGe detector of about 50 % e ciency, a
transmission source, and mechanical system for rotating and elevating the waste
samples (Figure 1.2b). However, for the measurement of dense heterogenous waste
samples, a mechanical motion was included to enable the detector move in the
direction transverse to the waste sample axis. This extra motion allows the TGS
to determine the spatial distribution whilst quantifying the radionuclides contents
of the drum, and produce in a colour map the emission and transmission plot for
the drum.
Chapter 1. Introduction & Background 6
(a) (b)
Figure 1.2: Typical ANTECH Designed Nondestructive Assay System (a)
G3200-340 Segmented Gamma-ray Scanner (b) G3850-340 Tomographic
Gamma-ray Scanner. Obtained from [74].
The Mirion WW2200 Standard SGS
The Mirion WM2200 is modular designed comprising detector vertical drive mod-
ule (used to raise and lower the HPGe detector), turntable rotation module as
illustrated in Figure 1.3a, transmission vertical drive module and single transmis-
sion source shield and shutter. The transmission source is housed in a lead shield
providing 101.6 mm of lead shielding around the source to minimise worker ra-
diation exposures. A collimated p-type high purity germanium detector of 30 %
e ciency and resolution of 1.9 keV at 1332 keV was utilised for the measurement
of the gamma emitting radionuclides from the drum. The detector is electrically
cooled by Mirion Cryo-Pulser Plus cooling technology. The e ciency of the sys-
tem can be improved by using large coaxial or broad energy germanium detector.
Data acquisition is achieved using the Mirion Genie 2000 based NDA Software run
on windows platform. The system is designed to accurately assay the gamma-ray
emitting radionuclides in a waste drum with volumes up to 200 litre and weights
up to 900 kg.
The Mirion WW2900 TGS
Similar to the Mirion WW2200 system, the WW2900 uses high purity germanium
detector but with relative e ciency of 45 %, and a resolution of 2.0 keV at 1332
keV and 0.75 keV at 122 keV as shown in Figure 1.3b. Depending on the actual
measurement conditions, the sensitivity of the detection system can be modified
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over a wide range by altering the detector size, assay time and geometry of the
assay system of the technique. The spatial resolution can be improved by varying
the horizontal and vertical segments.. The system is designed to quantitatively
assay gamma-ray emitting radionuclides from fission/activation product or trans.
(a) (b)
Figure 1.3: Typical MIRION Designed Nondestructive Assay System (a)
WW-2200 Segmented Gamma-ray Scanner (b) WW-2900 Tomographic
Gamma-ray Scanner. Obtained from [64].
The Cavendish DrumScanr SGS Plus
The Cavendish DrumScanr SGS Plus is a high resolution segmented gamma-ray
scanner designed to reliably and accurately measure contaminated waste packed in
drums or other containers. The system provides an inventory of the radionuclides
present in the waste and can be utilised for measuring both homogeneous and
heterogeneous waste samples. The DrumScanr SGS Plus is composed of a detector
lift, turntable, a transmission source lift and an operator interface, and is capable
of carrying drum sizes ranging from 100 litre to 500 litre as shown in Figure
1.4. It uses a collimated HPGe coaxial detector with an option of electrically
or liquid nitrogen cooled. The energy resolution of the detector is 1.9 keV at
1332 keV. The system continuously performs vertical scanning of the drum by
the detector while the transmission source move up and down the drum height as
is being rotated. The vertical scanning and the drum rotation results in helical
scanning of the drum. This form of drum scanning produces uniform gamma
detection, good e ciency over the whole drum when compared to the conventional
segmented gamma scanner. The DrumScanr SGS Plus produce a visual output
of vertical distribution of the waste density as well as the. activity of all measured
radionuclides
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Figure 1.4: A typical Cavendish DrumScanr Plus Segmented Gamma-ray
Scanner for Nondestructive Assay. Obtained from [69].
1.3.1 Comparison of the existing Commercial techniques
to GRI+
It is apparent that all the existing techniques mentioned above are designed for
the quantification of radionuclides present in the waste and localisation of hotspot.
However, the techniques requires a balance between the accurate determination of
the quantity of radionuclides and precise determination of the distribution of the
radionuclides.
Unlike all the available techniques, the sensitivity of GRI+ is not limited by
mechanical collimators. The GRI+ utilises the kinematics of Compton scattering
to determine the direction of the incident gamma-ray. For gamma-ray undergo-
ing multiple interactions, the GRI+ determine the source distribution from the
information from the position and energy of the gamma-ray interacting in the
detectors.
The current SGS and TGS techniques utilise mechanically operated turntable
and vertical drive module for up and down movement of the detector. This scan-
ning mechanism can add mechanical complexity that requires occasional main-
tenance. This e ect is very minimal in GRI+ as it does not need mechanical
turntable.
The resolution of the techniques discussed in Section 1.3 is a ected by the
movement of the detector-scanning platform. This movement induces vibration
that generate microphonic interference (conversion of mechanical vibration to elec-
trical signal (noise)) inform of noise to the data [93]. The GRI+ system is free of
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this interference and has superior resolution.
1.4 Thesis Overview
This research project presents detailed experimental and computational work car-
ried out to improve the responses of the Broad Energy Germanium (BEGe) de-
tector for radioactive waste drum characterisation. An image reconstruction algo-
rithm will be used to obtain the position of the hotspots in the drum. A numerical
simulation method based on Monte Carlo will be utilised to calculate the activity
of the sources which is to be validated by the source activity obtained through
experimental measurements. The work also investigates the feasibility of using
the GRI+ to localise radioactive sources in a standard waste drum. Chapter
two describes an overview of the radioactive waste characterisation process and
its usefulness to waste classifications. Radioactive waste management techniques
adopted in safe handling of low and intermediate level wastes (LILW) are also
explained. In Chapter three, a brief description of the fundamental physics prin-
ciples underlying gamma-ray spectroscopy are presented. Chapter four deals with
the imaging techniques applied in data analysis. The characterisation of a Broad
Energy Germanium (BEGe) detector to investigate its radiometric response to a
waste drum together with the comparison of the pinhole and slit aperture collima-
tor are discussed in Chapter five. Chapter six presents the detailed experimental
measurement procedures and MCNP simulation models, while Chapter seven dis-
cusses experimental and MCNP results. Measurement details and the results of
the Gamma-Ray Imager plus (GRI+) system utilised for the localisation of the
source in a standard waste drum are presented in Chapter eight, while Chap-






According to the IAEA, "radioactive waste is regarded as any material that con-
tains or is contaminated by radionuclides at concentrations or radioactivity rates
higher than the exempted amount established by the component authorities" [18].
Radioactive waste is thus classified based on the physical, chemical and radiologi-
cal properties which obviously are relevant to particular facilities or circumstances
in which radioactive waste is managed. These wastes are mostly generated dur-
ing operations, maintenance and in some cases decommissioning of nuclear power
plants; mining, milling and processing of uranium or thorium ores; agricultural,
industrial, medical and research facilities using radionuclides. The management
of these radioactive wastes requires proper characterisation to ensure safety and
protection of humans and the environment. E ective and e cient management
entails treatment and supervision of the waste from generation to final disposal.
This involves frequently taking radiological, chemical and physical measurements
to find the activity and radionuclide content of the waste in order to establish the
best means of treatment, handling, processing, storage or disposal of the waste
materials [108].
Radiological characterisation involves localisation and quantifying the pres-
ence of radionuclides in the waste. Physical characterisation provides information
about the form and strength of the waste. In chemical characterisation, elemental
and chemical components of the waste are established.
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2.1 Classification of Radioactive Waste
The aim of radioactive waste classification is to ensure proper handling, storage
and disposal of the waste materials. The main classification is based on the level
of radioactivity emitted by wastes. Another form of classification is either short-
lived or long-lived radioactivity which is based on the half-life and how long it
takes to drop below the threshold to the next classification. The six radioactive
waste classifications as defined by IAEA [18] and based on the level of activity
are exempt waste (EW), very short lived waste (VSLW), very low level waste
(VLLW), low level waste (LLW), intermediate level waste (ILW) and high level
waste (HLW) as illustrated in Figure 2.1. A brief description of each category is
presented below.
 
Figure 2.1: An illustration of IAEA’s recommended radioactive waste
classification with disposal routes from [18].
2.1.1 Exempt Waste (EW)
This classification applies to all radioactive waste whose activity concentrations are
very low such that the waste does not require provisions for radiation protection
from the regulatory authority. This category of waste is normally disposed in a
conventional landfills or recycled.
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2.1.2 Very Short Lived Waste (VSLW)
These are waste from radionuclides whose half-lives are of the order not more than
a hundred days. The wastes being slightly above clearance level, are predominately
stored until their activities have decayed to a level that no longer constitutes a
hazard to the environment.
2.1.3 Very Low Level Waste (VLLW)
The activity concentrations of this waste are a little higher than the VSLW but
they do not require a high level of containment and isolation. This waste con-
stitutes low level activity from soil and rubble that have previously been con-
taminated during decommissioning of the radioactive facilities. The near surface
landfill facilities are a suitable disposal point for VLLW.
2.1.4 Low Level Waste (LLW)
This classification comprise of radioactive waste containing radioactive content not
more than 4 GBq per tonne of alpha activity or 12 GBq per tonne of beta-gamma
activity. Low level waste could be short-lived radionuclides of higher activity con-
centrations or long-lived radionuclides of low level activity concentrations. Low
level wastes are unavoidable byproducts of industries such as electricity genera-
tion, new pharmaceutical product testing and medical research. These include
non destructive testing of airplanes and bridges. These waste streams are nor-
mally disposed of using near surface facilities. Specifically, low level wastes range
from radioactive waste with an activity concentration not requiring shielding to
radioactive wastes with a level of activity concentration requiring shielding and
isolation for few hundreds of years.
2.1.5 Intermediate Level Waste (ILW)
The intermediate level waste has activity greater than the upper limit of low level
waste and mostly contains long-lived radionuclides in quantities that require a
greater degree of containment and isolation. It is important to note that there
is no precise boundary between LLW and ILW as limits on the acceptable level
of activity concentration di er between individual radionuclides or groups of ra-
dionuclides [18]. Intermediate level waste contains significant amounts of long-
lived radionuclides that take a considerable period of time to decay, therefore,
greater depths ranging from tens of metres to hundreds of metres are required for
proper disposal. These radioactive wastes are generated from the reprocessing of
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spent fuel and from general operations and maintenance of nuclear power sites.
They can be stored in steel drums filled with high density materials such as sand,
concrete and bitumen.
2.1.6 High Level Waste (HLW)
The activity concentration in high level waste is significantly high that a great
amount of heat is generated in the process of radioactive decay. Due to the high
amount of heat generated, deep and stable geological disposal of several hundred
of metres or more is appropriate for the disposal of HLW. Two major sources of
HLW are spent fuels and wastes from reprocessed spent fuel. HLW are generally
disposed in deep, stable geological repositories of several hundreds of metres or
more below the surface. Some HLW (such as spent fuels) are stored in ponds for
many years to contain the amount of radioactive decay heat.
2.2 Methods of Radioactive Waste Characterisation
The first step in the management of radioactive waste requires that the waste
be characterised at various stages before disposal in order to provide informa-
tion on its properties and waste package [80]. This according to the regulatory
requirements will facilitate the subsequent steps for safely processing, transporta-
tion and final disposal of the radioactive waste. There are three main methods
of radioactive waste characterisation: (a) Process Knowledge (b) Non-destructive
Assay (NDA) and (c) Destructive Assay. The most important step of the charac-
terisation, establishing and estimating radionuclides content, is often achieved by
non-destructive assay.
2.2.1 Process Knowledge
To e ectively enhance waste characterisation, knowledge and proper documenta-
tion of all processes involved in radioactive waste generation are extremely impor-
tant. Process knowledge provides a suitable road map for cost e ective techniques
to be adopted in waste characterisation.
2.2.2 Destructive Assay
Destructive assay is a measurement technique where the isotopic composition of
the di cult (due to chemical and radiological interferences of the radionuclides
in the measurement) to measure radionuclides present in the radioactive wastes
are determined. This measurement technique transforms the physical form of
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the wastes. The basic steps in destructive assay includes the dissolution of the
sample followed by a particular chemical separation process and finally, laboratory
radiometric analysis depending on the radioactive and chemical properties of the
radionuclides present in the sample.
2.2.3 Non-Destructive Assay
In this method, the activity concentrations of the key radionuclides present in the
waste packages are determined. Three modes of non-destructive measurements
use gamma-ray, neutrons and calorimetry. The laboratory analysis of the waste
sample is relatively accurate compared to the destructive assay. However, the
NDA measures the entire waste system (such as waste drum).
2.2.3.1 Gamma Methods
This is the most common and widely used NDA method for radioactive waste mea-
surements. Often, during radioactive decay a gamma ray will be emitted which is
specific to the decaying nucleus. The emitted gamma rays can be used in NDA to
characterise waste. This characterisation measurement can be active or passive. In
an active measurement, gamma rays produced by an external source(s) is applied
to interrogate the radioactive waste package and the attenuation of the gamma
rays is subsequently measured. This method is very useful when determining the
rate of transmission and degree of attenuation of gamma-rays through waste con-
tainers (such as waste drum) and its matrix; the results are useful in estimating
the e ect of waste container and matrix on the gamma-rays produced. While in
passive measurements, the gamma-rays emitted naturally during radioactive de-
cay process are measured. Passive measurements are commonly used given the
fact that gamma-rays are naturally produced by the radionuclides of interest.
In gamma ray measurement, gamma ray scanning provides a non-destructive
method to measure the inventory of gamma emitting radionuclides inside a waste
package where the specific nature of the matrix and the relationship between
the radioactive nuclides and the matrix may be unknown. This measurement is
achieved by scanning the waste container where either the detector or waste sam-
ple are moved relative to one another in order to take stage by stage measurements
of the entire waste sample. There are three types of scan mode used in gamma ray
scanning: integral gamma scanning, segmented gamma scanning and tomographic
gamma scanning. These scanning modes use either Low Resolution Gamma Spec-
trometry (LRGS) or High Resolution Gamma Spectrometry (HRGS) techniques
to measure the energy of each gamma-ray present in the radioactive waste sample
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which helps in the determination of the activity of the radionuclides [92, 93].
Integral Gamma Scanning (IGS)
This is like a one shot mechanical measurement used to acquire the entire spectral
volume of the radioactive waste sample and it is e ective in measuring waste
samples with a known matrix and activity distributions within the detector field
of view as shown in Fig 2.2a. For large sample volumes, two or more detectors
could be used and the integral spectrum reconstructed.
Segmented Gamma Scanning (SGS)
SGS is the commonly used scanning mode [6, 21, 25, 29, 90, 96]. SGS uses colli-
mated semiconductor or scintillation detectors to measure gamma emissions from
specific segments of a radioactive waste package as seen in Fig 2.2b. The ma-
trix and activity in the segments are assumed to be homogeneous and uniformly
distributed [92]. In SGS, the external transmission source and the detector are po-
sitioned diametrically on opposite sides of the radioactive waste, such that during
the measurements, the detector and the transmission source move simultaneously
along the vertical, horizontal or radial axes of the waste sample depending on
the orientation being scanned. The radioactive waste sample is normally rotating
while being scanned so as to minimise the non-homogeneous e ect typically as-
sociated with measurements of waste. In most cases, SGS requires only a single
detector, it therefore takes a longer time for the entire waste system to be assayed.
Tomographic Gamma Scanning (TGS)
The assumption in SGS that the activity in each segment of the radioactive waste is
homogenous is not a good representation of the actual activity composition of the
waste sample. This assumption in SGS can be corrected by using tomographic
gamma scanning. The operational principles of SGS and TGS are very similar
except that there is an addition of a translation axis in TGS which allows the
detector to view the radioactive waste sample along all lines that pass through
the detector rather than only the radial centre line as obtained in SGS. This extra
technique enables the TGS to acquire 3-dimensional transmission and emission
tomographic measurements from which spatial emission and spatial attenuation
plots of the waste assay are determined. To achieve a good detection limit with
this method, the time for data acquisition is reasonably extended.


















Figure 2.2: A schematic diagram of gamma-ray scanning methods, (a) Open
geometry where all parts of the drum contribute to the detector response, (b)
Segmented geometry where the drum is divided into segments
2.2.3.2 Neutron Methods
The radioactive decay of Special Nuclear Materials (SNM) emit neutrons through
reactions such as spontaneous fission (SF), induced fission and other forms of
reactions. Neutron measurement techniques estimate the amount of neutrons
emitted through these special reactions. It is a passive or active sensitive technique
used in the estimation of large and small quantities of uranium and plutonium.
Passive measurement involves direct measurement of a neutron emitted by the
radioactive waste materials while the active measurement is employed when the
radioactive materials do not su ciently emit spontaneous neutrons to allow for
direct measurements, thus, an external neutron source is used to interrogate the
radioactive materials through one of the neutron induced reactions. Therefore,
the two types of neutron measurements are passive neutron counting techniques
and active neutron counting techniques.
2.2.3.3 Calorimetry
A great quantity of thermal energy is generated during radioactive decay. The
measurement of this energy by calorimetry methods and, by extension, the amount
of radioactivity provides information about the radioactive materials that pro-
duced the heat. Two di erent types of calorimeter employed are single chamber
true isothermal calorimeters and heat flow calorimeters. The calorimetry method
is mostly applied in the measurement of plutonium in large quantities where ther-
mal energy is generated through alpha particle decay and measurement of tritium
in large quantities in which thermal energy is produced through beta particle de-
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cay. The process is not used for any waste classifications that do not generate
heat.
2.3 Radioactive Waste Management
The fundamental objective of radioactive waste management is principally to con-
trol and account for radioactive waste in order to protect human health and the
environment and future generations [80]. The basic means of achieving this, where
reasonably practicable, is to concentrate, contain and isolate the radioactive waste
from the environment.
The first step in management of radioactive waste is its characterisation to
document information about the radioactivity content and form of the waste.
Each of the waste classifications is managed di erently, as this work is basically
for Low and Intermediate Level Wastes (LILW), processes employed for manage-
ment of these classes of wastes as seen in Figure 2.3 are segregation, treatment,













Figure 2.3: The fundamental steps of radioactive waste management.
Waste segregation entails separating waste or radioactive materials based on
radiological, chemical and/or physical properties which will facilitate waste han-
dling and processing. In waste treatment, certain operations are carried out to
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change the characteristics of the waste for safety. Waste treatment intends to
achieve volume reduction, reduction or total removal of radionuclides from the
waste and transformation of the waste composition. Typical volume reduction in-
cludes mechanical compaction, incineration and evaporation. While these methods
reduce the volume of the waste, the radioactivity concentration remains the same.
Conditioning of LILW as defined in [70] comprises operations that produce a waste
package suitable for handling, transport, storage and disposal.
In conditioning processes, liquid wastes are converted to a solid waste form and
stored in a waste containers. Systematic steps in waste conditioning involve the
identification of a suitable matrix material (such as cement, bitumen, polymers or
borosilicate glass), that will guarantee stability of the radioactive materials within
the storage period. Matrix choice depends on the waste classification. The waste
is then immobilised through mixing with the matrix material and then packaged
in waste drums or containers. Liquid LILW are typically solidified in cement, bi-
tumen or polymers. Storage of radioactive waste is to avoid any risk of radiation
exposure to people or environment. LLWs are disposed directly to a land-based
disposal while ILW that contains long-lived radioisotopes is stored in temporary
storage pending the final disposal in a geological repository.
2.4 Matrix for Radioactive Waste Management
A wide range of potential matrix materials are available for waste immobilisation
in radioactive waste management. Waste immobilisation is a process of passively
stabilising waste form in a manner that reduces risks to human health and the envi-
ronment for the time during the decaying of the waste radioactivity. The choice of
any material matrix depends not only on the criteria stipulated by the regulatory
bodies, but also by the chemical composition, and the waste acceptance criteria
(WAC) for storage and disposal. It has been established that immobilisation of
radioactive waste in suitable matrices significantly reduces the potential for the
release of radionuclides into the environment [72]. These matrices obviously pro-
vide shielding to personnel and the environment through radioactivity reduction
in any waste. The matrices to be considered in the work are concrete, bitumen
and polymer (plastic). The usefulness of these matrices in radioactive waste im-
mobilisation has extensively been documented [66, 22, 71, 56]. The properties
of concrete, bitumen, polymer and polymer concrete composites are presented in
Table 2.1.
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Table 2.1: Comparative properties of immobilising matrices for radioactive waste
management [49].
Descriptions Concrete Bitumen Polymer
Resistance Poor to Excellent for most Good to excellent
to leaching excellent radionuclides for most
radionuclides
Waste Loading 10-25 wt% ion 25 - 50 wt% ion 25 - 50 wt% ion
exchangers exchangers exchangers
Compressive Excellent Poor to Moderate
strength moderate to good
Radiation stability Excellent Moderate Moderate
Thermal stability Good Poor; can melt Moderate;
and ignite some will melt
Resistance to Stable Moderate Moderate to
biodegradation stable
Gas generation Low Moderate to high Moderate
Chemical Good for Good but worst for Good for most
Compatibility most materials solvents and oils materials
The properties from the table showed that the matrices performed well in so-
lidification of liquid or sludge radioactive wastes and therefore, have been used for
many years in radioactive waste immobilisation. However, the focus in this work is
to investigate the e ects of these matrices in reducing radioactivity concentration
in radioactive waste.
Polymer o er moderate radiation stability as seen in the Table 2.1. However,
a composite material involving polymer and concrete will greatly improve the






The interaction of a gamma-ray with the surrounding materials a ects the en-
ergy spectrum collected by the detector. Within the energy regime of interest
there are three main processes of gamma-ray interaction with matter. These are
photoelectric absorption, Compton scattering and pair production. Each of these
interaction modes has an e ect on the gamma-ray energy as it traverses through
matters such as the matrix of radioactive waste. The predominant mode of inter-
action strictly depends on the atomic number (Z) of interacting material and the
gamma-ray energy. Photoelectric absorption is the dominant interaction at low
gamma-ray energy (approximately 10 keV to 500 keV) and with high Z materials.
Compton scattering dominates at intermediate energies (ranging from 100 keV
to Æ 10 MeV, creating an energy overlap with the photoelectric absorption) and
low Z while pair production is the dominant process at energy > the threshold
of 1022 keV. The relative importance of the three processes as a function of Z
and gamma-ray energy is shown in Figure 3.1. The significance of photoelectric
absorption at energies below 400 keV and the strong Z dependence of this inter-
action are evidence in explaining the discrepancies observed at lower energies in
the simulations result described later in this thesis.
20
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Figure 3.1: Importance of the three principal interactions of photons in matter
as a function of absorber atomic number, Z, and gamma-ray energy. Obtained
from [52].
3.1.1 Photoelectric Absorption
Photoelectric absorption is an interaction mechanism where an incident gamma-
ray transfers all of its energy to a bound atomic electron as shown in Fig. 3.2a.
This is a dominant process for low energy gamma-rays incident on materials with
high atomic number, Z, as seen in Fig. 3.1. The electron, known as the photo-
electron, is subsequently knocked out of its orbit with a kinetic energy equal to
the di erence between the gamma-ray energy, E“, and the binding energy , Eb, of
the electron (energy required to remove the bound electron from the atom).
Ee = E“ ≠ Eb. (3.1)
where Ee is the kinetic energy of the electron.
The photoelectron is usually ejected from the K-shell creating a vacancy. The
vacancy is filled from a higher lying orbital state and a characteristic x-ray is
emitted. The probability that photoelectric absorption (·) occurs in a given inter-
action depends upon the energy of the incident gamma-ray and the atomic number
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with n being a variable depending upon the energy of the incident gamma-ray
and its value is usually between 4 and 5. The significance of Equation 3.2 is the
primary reason why high atomic number materials such as lead are predominantly

















Figure 3.2: Schematic illustration of the three main gamma-ray interaction
mechanisms with matter (a) Photoelectric Absorption (Also Photoelectric
E ect), (b) Compton Scattering and (c) Pair Production.
3.1.2 Compton Scattering
In Compton scattering, the gamma ray interacts with a loosely bound electron
transferring a fraction of its energy to the recoil electron as seen in Fig. 3.2b. The
incident gamma ray deflected through an angle, ◊, resulting in the reduction in
energy of the gamma-ray. The most important consequence of Compton scattering
is the energy transferred to the recoiling electron, Ee, which depends upon the
scattering angle of the gamma-ray. The Compton scattering coe cient decreases
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with increasing energy and it is almost independent of the atomic number. The
energy of the recoil electron is given as:
Ee = E“ ≠ EÕb. (3.3)
where EÕb is the binding energy of the electron.
If the electron is initially at rest and unbound with a rest mass of mec2 = 511 keV,
the expression relating the energy transferred and the scattering angle for a given
interaction is derived as;
EÕ“ =
E“
1 + E“mec2 (1 ≠ cos ◊)
. (3.4)
where EÕ“ is the final energy of the gamma-ray, Ee is the energy transferred to the
electron and E“ is the incident gamma-ray energy.
The energy transferred depends upon the scattering angle; a small scattering an-
gle transfers little energy. ◊ varies from 0¶ (where minimum energy transferred
occurs) to 180¶ (where the maximum energy transfer occurs). In reality, the re-
coil electron, bound to the atom, is not at rest, rather moving within an atomic
orbital. The result of this motion is the further spread of energies called Doppler
broadening. This e ect is more noticeable in high Z absorbing materials and lower
energy incident gamma-rays [73].
The angular distribution for scattering gamma-rays can be predicted by a di eren-
























where – = E“mec2 and re is the classical electron radius.
The graphical representation of the Klein-Nishina distribution describes a strong
tendency for forward scattering at high values of the gamma-ray energy, while
lower energy gamma-rays are scattered in a more symmetrical distribution about
90¶ as seen in Fig. 3.3.
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Figure 3.3: The Klein-Nishina distribution shows that Compton scatter in higher
energy gamma-rays are in the forward direction [52, 67].
3.1.3 Pair Production
In pair production, gamma-ray interacts with the strong electromagnetic field
surrounding the nucleus as shown in Fig. 3.2c, converting its energy into two elec-
trons, one of which is positively charged (the positron) and the other negatively
charged (the electron). The incident gamma-ray is required to possess an energy
not less than twice the rest-mass energy of an electron (1.022 MeV) before the
process of pair production can occur. Any energy in excess of double the electron
mass goes into kinetic energy that is shared by the positron and electron. The
positron then travels through the material dissipating its kinetic energy and even-
tually getting annihilated by a free electron to produce two 511 keV annihilation
gamma-ray peaks at 180¶ from each other. These two annihilation gamma-rays
can be partially or fully absorbed within the material, although one or both may
escape resulting in escape peaks visible in gamma-ray spectra of most radionuclides
[52].
3.2 Gamma-Ray Attenuation
The attenuation of gamma-rays results from a combination of absorption and scat-
tering in materials. Gamma-ray penetration in material is statistically controlled
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by the probability per unit distance travelled when a gamma ray interacts by one
or two physical processes. If an incident gamma-ray beam of intensity, Io, col-
lides perpendicularly with an absorber of thickness x, the intensity Ix traversing
through the absorber is given as;
Ix = Ioe≠µlx. (3.6)
where µl is the probability per unit distance of the interaction known as the
linear attenuation coe cient. Equation 3.6 suggests that theoretically complete
absorption of a beam of gamma-rays never really occurs, but in a practical sense
exponential attenuation and/or absorption can be used to reduce most of the beam
intensities to an imperceptible level.
The linear attenuation coe cient (LAC) describes the fraction of a beam of
gamma-rays that is either absorbed or scattered per unit thickness of the absorber
at a particular energy. µl depends on the absorber’s atomic number, thickness and
density as well as the energy of the gamma-rays. The linear attenuation coe -
cient increases as the atomic number of the absorber increases. It decreases as the
gamma-ray energy increases. Similarly, the higher the density of the absorber, the
lower the linear attenuation coe cient and the thicker the absorber, the greater
the attenuation. Since the linear attenuation coe cient varies with the density
of the absorber, the mass attenuation coe cient, which does not change with the
physical state of the absorber, is widely used. The relationship between the linear
and mass attenuation coe cients is given as;






where, fl represents the density of the material measured in gcm≠3. A plot of the
mass attenuation coe cient as a function of the gamma-ray energy for germanium
is shown in Figure 3.4. This mass attenuation coe cient, µm, represents the
measure of the average number of interactions between incident gamma-rays and
matter per unit area thickness of the material.




where fl is the density of the absorber and flx is the mass thickness of the absorber.
From Equation 3.7, the linear attenuation coe cient can be seen as the product
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Since the linear attenuation coe cient is connected to the probability that an
interaction will occur in a given distance, the reciprocal of this defines the average
distance travelled by a gamma-ray before interacting with material. This is known




with typical values of ⁄ varying from a few mm to cm. The mean free path for a




Figure 3.4: Plot of mass attenuation coe cient, µl/fl, and mass energy
absorption coe cient, µen/fl, as a function of gamma-ray energy for germanium
(Z = 32). Data reproduced from [48].
The mass energy-absorption coe cient, µen/fl, on the other hand, is the mea-
sure of the average fractional amount of incident gamma-ray energy translated
into the kinetic energy of charged particles as a result of interactions between
gamma-rays and atoms in materials. It is essentially important in estimating the
absorbed dose in medical and health physics, industrial and agricultural irradi-
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ation technology and other practical situation involving gamma-ray e ects and
metrology [47].
3.3 Basic Properties of Gamma-ray Detectors
Once the gamma-rays have been attenuated by the absorbing materials, they
interact with the detector. This section deals with the basic properties for any
suitable detector for e ective interactions with gamma-rays.
3.3.1 Detector E ciency
The probability that an emitted gamma-ray interacts within the volume of a de-
tector and produces a pulse or signal is regarded as the e ciency of that detector.
All radiations emitted from a radioactive source are not incident on the detector
as some will get scattered while others are absorbed by the surrounding materials.
This is an indication that a radiation detector cannot record all the radiations
impinging on it from the radioactive source. The interaction of the radiation inci-
dent on the active volume of a typical semiconductor detector induces ionisation
or excitation which produces ion pairs. The collection of the ion pair generates a
pulse (or signal) that is recorded by the detector. Ideally, the detector e ciency
will be 100 % if all the radiations incident on it generate a pulse, in reality how-
ever, the detector e ciency is always less than 100 % as all the radiations do not
generate a pulse or unable to record a pulse generated. The e ciency of such a
detector will therefore be measured either by the absolute e ciency, Áabs, or/and
intrinsic e ciency, Áint, and are defined as
Áabs =
Number of “ rays detected
Number of “ rays emitted by the radioactive sources (3.11)
and
Áint =
Number of “ rays detected
Number of “ rays incident on the detector . (3.12)
The number of gamma rays detected represent the number of counts contained
within the photopeak. The absolute e ciency depends not only on the properties
of the detector but also on the distance of the detector from the source. The
intrinsic e ciency, unlike the absolute e ciency, is independent of the solid angle
subtended by the detector as it is the basic parameter of the detector but depends
primarily on the radiation energy and the detector material. Absolute and intrinsic
e ciencies can as well be expressed as the full-energy peak e ciency which takes
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into account only the photons which result in the full-energy peaks. The relative
e ciency of a detector usually compares the absolute e ciency of a detector to a
76 x 76 mm NaI(Tl) detector, irradiated by 1332.5 keV “ ray from a 60Co source
at a distance of 25 cm from the centre of the endcap of the detector. The absolute
peak e ciency of this 76 x 76 mm NaI(Tl) is 1.2 ◊ 10≠3. In applications involving
radioactivity quantification in radioactive waste characterisation, a highly e cient
detector is usually required for the calculation of the activity concentration in a
waste drum.
3.3.2 Detector Resolution
Energy resolution is the measure of the ability of the detector to distinctively
resolve gamma-rays with close energies. It involves measuring the width of the
peaks in a gamma-ray spectrum. The smaller the width of the photopeak, the
higher the resolution and the better the resolving power of the detector. In gamma-
ray spectroscopy, the di erential pulse height distribution produced by a detector
can exhibit fluctuation in width for gamma-ray peaks. These fluctuations reflect
the fact that a variation in pulse to pulse was recorded even when the same
energy was deposited in the detector for each event. Making the amount of these
fluctuations smaller, reduces correspondingly the width and the peak approaches
a sharp spike. This width becoming smaller enhances the ability of the detector
to resolve a complex spectrum of closely related peaks. The parameter utilised for
the measurement of the peaks width is the full width at half maximum (FWHM) of
the photopeak, defined as the width of the distribution at a level which is just half
the maximum ordinate of the peak. Then, the ratio of the FWHM to the energy
value of the peak centroid is the energy resolution. The potential sources of the
width fluctuation that result in poor energy resolution are the statistical spread in
the number of charge carriers, variations in the charge collection e ciency and the
contributions of electronic noise within the detector and instrumentation system.
These are represented by the quadrature of the FWHM values of the individual
sources as:
(FWHM)2overall = (FWHM)2statistical + (FWHM)2noise + (FWHM)2collection (3.13)
The (FWHM)2statistical is due to the statistics associated with the charge production
process in the detector which arises because of the discrete number of charge
carriers generated within the detector, and is mathematically given as;
(FWHM)2statistical = (2.35)2(F.E“.Á) (3.14)
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where F is the Fano factor, E“ is the gamma-ray energy and Á is the energy
required to create an electron-hole pair. It can be seen that, (FWHM)2statistical is
proportional to the gamma-ray energy, E“, meaning that the predicted uncertainty
at higher energies (such as 1332.5 keV) is significantly large compared to the overall
statistical uncertainty in Equation 3.13. This indicates that the processes that
give rise to the formation of each individual charge carriers are not independent,
and thus the overall number of charge carriers cannot be described strictly by
Poisson statistics. The Fano factor, F, is then introduced to bridge the discrepancy
between the observed statistical uncertainty in the number of charge carriers from
that predicted by Poisson statistics, and can be defined as
F = observed variance in the number of charge carriersthe variance predicted by the Poisson statistics (3.15)
The Fano factor for germanium detectors varies from 0.057 to 0.12 [35]. A Fano
factor of 0.099 has been used for all modelling in this work (details in Section
5.2.1.3). The high energy resolution of germanium detector makes them suitable
for complex spectroscopic applications such as hotspot localisation within the
radioactive waste drum/containers.
3.4 Semiconductor Detectors
The choice of semiconductor detectors in gamma-ray spectroscopy over gas-filled
detectors is due to its dense active medium and ionisation potential which is about
10 times smaller in solid state than in gaseous state. Additionally, it provides
better statistics regarding the number of signal carriers generated by a radiation
interaction than either gas-filled detectors or scintillation detectors. While it takes
between 25 and 40 eV to produce an electron-ion pair in a gas-filled detector, and
between 0.1 to 1 keV to eject a photoelectron from the photomultiplier tube of
a scintillation detector, it takes on average, 3-5 eV to produce an electron-hole
pair in a semiconductor [39]. Therefore, more charge carriers are produced by
a semiconductor from a primary ionisation event thereby reducing the statistical
fluctuations in the energy resolution. Semiconductors have limited number of elec-
trons because their atoms are closely packed together in a crystalline form known
as crystal lattice, such that the various potentials of each of the atoms a ects the
surrounding neighbours and those electrons associated with them. As the field of
semiconductor detectors is too vast to cover, this sections o ers basic operation
and characteristics of semiconductor detectors, while a detailed description can be
found [39, 89].
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3.4.1 Band Structure
Electrons in a free atom are confined to determined energy levels. These energy
levels are broadened into energy bands with a fixed number of electrons by the
aggregation of atoms into a solid structure. The energy regions between these
bands are forbidden to electrons. The two most common bands of interest in
semiconductor materials are the valence band and the conduction band. The
valence band which is responsible for chemical reactions corresponds to outer-
shell electrons that are bound to specific lattice sites within the crystal. The
conduction band, on the contrary, represents electrons which can move freely
throughout the crystal and as such directly contribute to the electrical conductivity
of the semiconductor. The gap between these bands is referred to as the band gap
or energy gap. Classification of materials into insulators, semiconductors and
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Figure 3.5: Schematic illustration of energy bang gap for semiconductors,
conductors and insulators.
The valence band in an insulator is completely full and the available energy
states in the conduction band is separated by a band gap with a minimum value
of 5 eV. The energy produced by thermal excitation is insu cient to promote
electrons. Therefore, for an electron to migrate through the insulator material, it
must gain su cient energy to jump from the valence band across the wide band
gap into the conduction band. For conductors, the conduction and valence bands
are either overlapped or the valence band is not full occupied which means there
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are always electrons free to move through the material. Semiconductors have a
valence band full like insulators, except that the band gap of about 1 eV between
the bottom of the conduction band and the top of the valence band permits ther-
mal excitation of electrons. The thermal excitation of electrons leaves a positively
charged vacancy known as a hole in the valence band. The excited electron and
the hole are referred to as electron-hole pairs and are the charge carriers in semi-
conductor materials. The probability per unit time that an electron-hole pair is






where T is the absolute temperature, Eg is the energy gap, C is the material de-
pendent constant and k is the Boltzmann constant. It can be seen from Equation
3.16 that the probability of thermal excitations for semiconductors with small
band gaps, strongly depends on the temperature of the detector. So operating
a semiconductor detector such as a germanium detector at room temperature is
practically impossible due to its small band gap energy which generates unbear-
able leakage current. Because of this, germanium detectors need to be cooled and
maintained at 77 K either with liquid nitrogen or with a mechanical cooling sys-
tem before use in gamma-ray spectroscopy. Creation of electron-hole pairs is the
main technique by which the semiconductor detects gamma-rays. Electron-hole
pairs are created along the path of the charged particle when it passes through a
semiconductor.
3.4.2 Intrinsic and Extrinsic Semiconductors
Intrinsic semiconductors are pure forms of semiconductor materials without any
impurity atoms. In the intrinsic semiconductor, the valence band is completely
filled while the conduction band is empty at room temperatures. However, elec-
trons can be made to migrate if there is an increase in temperature. The conduc-
tivity of an intrinsic semiconductor is so low at room temperature that it cannot
be e ectively utilised in fabricating important electronics devices.
Improving the conductivity of intrinsic semiconductors by the addition of impuri-
ties to the pure semiconductor materials constitutes the extrinsic semiconductors.
The impurity atoms, known as dopants could be either group III or group V ele-
ments, and the deliberate addition of an impurity to a semiconductor is referred
to as doping. The impurity will be added such that there is no distortion on
the original lattice structure of the intrinsic semiconductor, rather, the impurity
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occupies few of the original semiconductor atom sites in the crystal.
3.4.3 p-n Junction
The electronic properties of semiconductors can be changed by introducing impuri-
ties, a process known as doping. Silicon or germanium atoms contain four valence
electrons which bind covalently to another four additional atoms. However, on
introduction of impurities by adding a control amount of either pentavalent or
trivalent, the lattice will possess an excess of holes or electrons. The new semicon-
ductor materials are known as n-type (pentavalent doped) and p-type (trivalent
doped).
When a p-type semiconductor material is treated with n-type semiconductor ma-
terial to form a p-n junction, there is a tendency for the free electrons to di use
over to the p-side and holes to the n-side at the boundary, which result in a region
empty of charge carriers in the vicinity of the interface of the two materials. This
region, over which free charge carriers have been di used away, is known as the
depletion region. The depletion region is the active volume of the detector but
very thin. If reverse bias is applied to the detector, in which the p-type receives
a negative bias and n-type receives a positive bias, the depletion region can be
increased. The bias causes the remaining electrons and holes to migrate towards
their respective contacts, thus increasing the active volume of the detector. The
thickness of the depletion region, d, and the net impurity concentration, N, within








where ‘ is the dielectric constant, e is the electronic charge, and V is the applied
voltage.
3.4.4 High Purity Germanium Detector
Germanium remains the semiconductor material of choice for several detector ap-
plications. It has a much larger linear attenuation coe cient due to its higher
atomic number, and as a result, shorter mean free path when compared to other
semiconductor devices like silicon. It can be seen from Equation 3.17 that the
depletion depth is inversely proportional to the net impurity concentration, the
lower the net impurity concentration, the higher the depletion depth. Germanium,
of typical semiconductor purity, can only achieve a maximum depletion depth of
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a few mm even when a bias voltage close to breakdown level is applied. There-
fore, the net impurity concentration should be reduced down to 1010 atoms/cm3
in order to achieved the depletion depths of cm that is required. One existing
way to improve the net impurity concentration is by compensating the residual
impurity with an opposite type impurity material. Since the material with highest
available impurity in Ge is the p-type, an addition of donor atoms from the alkalis
metals like Li, form interstitial donors. The donor atoms when introduced into
Ge under the influence of a strong electric field get ionised and become mobile
enough to drift at high temperature, a process known as Lithium ion drifting.
The process has been utilised to developed Ge(Li) and Si(Li) detectors. Another
way of improving the net impurity concentration is by the addition of refining pro-
cesses to achieve required purity of the crystal. This leads to the development of
High Purity Germanium (HPGe) detectors. HPGe detectors are semiconductor
detectors that are produced from refined ultrapure germanium with net impurity
concentration tending as low as 1012 atoms/cm3, in order to achieve a depletion
depth of several centimeters with a reverse bias voltage less than 1 kV [52]. Table
3.1 illustrate the relevant properties of germanium.
Table 3.1: Properties of Intrinsic Germanium [35].
Properties of Intrinsic Germanium Ge
Atomic Number 32
Atomic weight 72.60
Density (300K); g/cm3 5.32
Atoms/cm3 4.41 ◊ 1022
Dielectric constant (relative to vacuum) 16
Intrinsic carrier density (300K); cm≠3 2.4 ◊ 1013
Intrinsic resistivity (300K);  .cm 47
Electron mobility (300K); cm2/V.s 3900
Hole mobility (300K); cm2/V.s 1900
Electron mobility (77K); cm2/V.s 3.6 ◊ 104
Hole mobility (77K); cm2/V.s 4.2 ◊ 104
Energy per electron-hole pair (77K); eV 2.96
This work utilises a broad energy germanium (BEGe) planar geometry made
from germanium with an impurity profile capable of improving charge collection at
high energies. The detector has a fat but short shape which greatly improves the
e ciency below 1 MeV. We can see from Table 3.1, 2.96 eV is required to produce
an electron-hole pair enabling a large number of charge carriers to be generated for
a given initial gamma-ray, placing germanium at higher advantage to silicon (which
require 3.76 eV), scintillator or gas detectors in terms of energy resolution. As the
energy resolution is a function of statistical fluctuations, the increase in charge
Chapter 3. Principles of Gamma-ray Spectroscopy and Imaging Technique 34
carrier explicitly minimises the influence of large fluctuations thereby, essentially,
improving the overall resolving power of the germanium detectors.
3.5 Compton Camera
A Compton camera is a gamma-ray detector with the capacity to image point or
extended radiation sources by using the Compton scattering process. The system
is capable of detecting gamma-rays of a very wide range of energies from 100 keV
to over 1 MeV. The camera system produces voltage pulses which are propor-
tional to the energy deposited in the detector crystal by the gamma-ray. It o ers
a potential gain to other forms of camera such as pinhole type, [99, 31, 30, 111],
or coded aperture type [110] in that the Compton camera does not require any
collimation to define spatial position [36].
Typically, the Compton camera system consist of two or more detectors sepa-
rated by a defined distance. The requirement for two or more detectors is based
on the ease of separating the two interactions of a gamma-ray. However, one de-
tector could be utilised if it is possible to isolate the interactions within the single
volume. The first detector known as the scatterer detector is used in detecting
Compton interactions. The recommended materials for this component of the
Compton camera are silicon, germanium or argon. Silicon is considered a very
good material for the scatterer detector because the Doppler broadening e ect is
observed to be smaller in silicon devices than other semiconductors.
The second detector which is used to absorb the scattered gamma-ray is called
the absorber detector. Typical materials of high photo-absorption cross sections
such as NaI, CdZnTe, BGO and xenon are preferred choices for the detector.
Gamma-ray imaging with Compton camera was proposed by [85] for astronomi-
cal applications and later it was used in medical applications [95]. In homeland
security, the goal of the Compton camera is to provide improved capabilities to
detect, localise, and characterise nuclear materials by passive means without com-
promising the environment [114, 68]. Theoretically, gamma-ray emissions from
nuclear materials could be passively detected at a distances greater than 100 me-
tres. However, detection at this range has long been thought to be impractical due
to spatially fluctuating levels of natural background radiation. These fluctuations
are the major sources of uncertainty in detection which indicate that sensitivity
cannot be increased simply by increasing detector size. Recent work has shown
that this problem can be overcome through the use of imaging techniques [114].
With the Compton imaging, the estimation of the local background is achievable,
making it possible to detect spatially localised radioactive sources from consid-
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erable distances [46]. In radioactive waste, the huge volumes of wastes have to
be characterised as low, intermediate or high level radiation prior to disposal or
final storage. The Compton camera can be utilised to identify hotspots in waste
drums/barrels of largely low level materials but with few localised intermediate
radioactive spots, which can be safely removed if possible, allowing the remaining
material to be disposed as low level waste. This will significantly reduced cost
and volume of high radioactive wastes. The ability of the Compton camera to
obtain a localised image of hotspots in waste containers from a fixed viewpoint is
a significant advantage over other imaging techniques that require scanning of the
container.
3.5.1 Principle of Operation
A gamma-ray incident on the Compton camera system undergoes Compton scat-
tering in the scatterer detector depositing a fraction of its energy where the posi-
tion and energy of interaction are measured, and then interact via photoelectric
absorption depositing its remaining energy in the absorber detector where the po-
sition and the energy of absorption are similarly measured [79]. For useful events
to be recorded, the gamma-ray signatures measured by both detectors have to
satisfy coincidence requirements to ensure that those events are from the same
sources. By measuring the energies and positions of the two interactions, the
Compton scattering angle ◊, could then be calculated by rearranging the Comp-
ton kinematics equations 3.3 and 3.4.
cos ◊ = 1 ≠ E1
–(E0 ≠ E1)
(3.18)
Where E1 is the energy deposited in the scatter detector, E0 = E1 + E2 is the
initial gamma-ray energy, E2 is the energy deposited in the absorber detector and
– = mec2E0 with mec
2 being the rest mass of an electron. The scattering angle is used
to form a cone where its apex angle is given by 2◊ for each incident gamma-ray.
The axis of the cone is the vector di erence between the interaction positions in
the scatter and absorber detectors and the radioactive source is a point on the
surface of the cone produced as shown in Fig. 3.6. The source of radiation can be
found at a point of maximum interactions of the generated cones by reconstructing
many of these events.
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Figure 3.6: A schematic diagram of a dual planar detector Compton camera
system showing the cone produced for one incident gamma-ray.
Chapter 4
Image Reconstruction Techniques
In a segmented gamma-ray scanning system, rotating a mechanically collimated
detector around a radioactive waste container provides 2D images of a 3D distri-
bution at various angles, known as projections. These projections are typically
formed on a grid of pixels, each of which contains the number of gamma-rays
absorbed by the detector that have successfully traversed through the radioactive
waste drum wall and matrices. Thus, the relative number of photons in each
pixel provides information about the location of the radioactive source within the
drum. Image reconstruction is the procedure for putting these projections to-
gether to obtain a clear image of the object. The two most commonly used image
reconstruction algorithms are the iterative reconstruction and analytical recon-
struction [10, 101]. One main example of iterative reconstruction is the maximum
likelihood expectation maximization (MLEM) method, while that of analytical
reconstruction is filtered back projection (FBP). The reconstructed tomographic
image quality depends on the attenuation and scattering of the gamma-ray within
the materials or matrices, the detection e ciency and the spatial resolution of
the collimator-detector system [15]. The resultant e ects of these factors are poor
spatial resolution, low contrast and high noise level observed on the image. These
e ects are reduced using image filters during reconstruction to improve the image
resolution and limit the degradation of the image.
4.1 Iterative Reconstruction
Iterative reconstruction algorithms are a form of image reconstruction that in-
volve successive approximations, or estimates to obtain the true image of objects.
It starts with an initial estimate which may be simple. Then, using a mathemati-
cal process known as forward projection, a set of projection data is estimated from
the initial estimate. The di erence between the resulting and recorded projections
37
Chapter 4. Image Reconstruction Techniques 38
is used to make further estimates. The basic process of iterative reconstruction
is the discretisation of the image into pixels, then generating a system of linear
equations from the discretised pixels according to the imaging geometry and un-
derlying physics. The final process is solving the generated linear equations by
an iterative algorithm [113]. The whole process of iteration is repeated until the
di erence between the calculated and measured data is smaller than a preselected
value. One of the examples of iterative reconstruction is the maximum likelihood
expectation maximization (MLEM). MLEM provides solutions to a set of linear
equations by incorporating the Poisson nature of the acquired data into the re-
construction algorithm. The main advantages of MLEM reconstruction algorithm
over an FBP is that the projection data are not required to be equally spaced, it
can utilise incomplete sets of projection data, and produces fewer artefacts in the
reconstructed images [17].
4.2 Analytical Reconstruction
The limitation of the iterative reconstruction methods is that they are based on
a more complex mathematical solution which requires multiple steps before a
reconstructed image is obtained. The alternative is to use analytical reconstruction
methods that employ a direct mathematical solution to obtain a reconstructed
image.
4.2.1 Filtered Back Projection
The filtered back projection (FBP) technique remains a widely applied method
of image reconstruction. In FBP, the values of attenuation coe cients are com-
puted using sets of equations of gamma-ray sums taken at di erent angles of
a sine wave. The measurement data for these equations are obtained through
projections, which represent the recorded counts (line integral) by detection of
gamma-rays emitted from radioactive sources. A graphical display of all of the
di erent projections for a given slice stacked together shown in Figure 4.1b, is
known as the sinogram. Since image reconstruction intends to reproduce the
original image of a low level waste drum represented as Figure 4.1a, these pro-
jections are redistributed at each particular point back along a line from which
they were originally detected, a technique known as back projection as seen in
Figure 4.1c. The back projection process is repeated for all angles and all pixels
to obtain a clear reconstructed image of the object. It therefore means that as the
projection gets data from an image, back projection produces an image from the
data that has been calculated during the projection process.
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Apparently, one problem associating with back projection is that counts are
unavoidably projected outside the true location of the object, resulting in blurring
(star-like artefacts) of its image as clearly shown in Figure 4.1c. Although, the
quality of the image can be improved by increasing the number of projections,
still that will not totally correct the blurred image. Filtered back projection as a
form of analytic reconstruction algorithm is developed to overcome this particular
limitation of the back projection. It applies a convolution filter to remove blurring
as illustrated in Figure 4.1d. Two steps involved in FBP are filtering of data and
subsequently back projecting the filtered data [38].
(a) (b)
(c) (d)
Figure 4.1: Density plot of a low level waste drum (a) Original waste drum, (b)
The sinogram of the waste drum, (c) back projection of the waste drum, (d)
filtered back projection of the waste drum.
4.2.2 Basic Concepts
The Lambert-Beer law [28] of attenuation states that a gamma-ray passing through
a homogeneous material of length x and with constant attenuation coe cient, µ0,
will produce an intensity of magnitude
I = I0 exp≠µ0x. (4.1)
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where I0 is the initial intensity of the gamma-ray at the radiation source, I is
the final intensity of each gamma-ray beam at the radiation detector. In some
materials, the attenuation coe cient µ(x) is a function along the gamma-ray’s
path, thus the intensity produced becomes
I = I0 exp≠
s
L µ(x) dx. (4.2)















Changing the orientation of the source and detector, and measuring the corre-
sponding intensity change, and solving the attenuation coe cient, provides fur-
ther information about the internal density of the material. In a two dimensional















If (l, ◊) defines each projection line which can be measured, and any point on
this projection line, (x, y), is specified by either x(s) = l cos ◊ ≠ s sin ◊, and
y(s) = l sin ◊ + s cos ◊ or x cos ◊ + y sin ◊ = l, then, a transformation from µ(x,










µ(x, y) ”(x cos ◊ + y sin ◊ ≠ l)dx dy.
(4.5)
Therefore, g(l, ◊) is the Radon transform of µ(x, y). The Radon transform deter-
mines the total density of certain function, µ, along a given line l.
g(l, ◊) = R{µ(x, y)}. (4.6)
The simplest method of calculating µ(x, y) from g(l, ◊) is back projection which
reconstructs the original object from the summation of all projections. To achieve
this, an image is generated for each corresponding value of ◊, using
b◊(x, y) = g(l, ◊) = g(x cos◊ + y sin◊, ◊). (4.7)
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g(x cox◊i + y sin◊i, ◊i). (4.8)
As mentioned before, one inherent problem with back projection is the blurring
of the images produced. This simply means that µb(x, y) ”= µ(x, y). This can
be corrected by modifying or filtering the profile [38]. The Radon transform is
related to the Fourier transform by the central slice theorem [28]. The F1 and
F2 denoting the 1D and 2D Fourier transforms and the Radon transform, R, are
related by
F2µ(Ê cos◊, Ê sin◊) = F1(Rµ)(Ê, ◊). (4.9)
The first step towards inverting the radon transform and estimation of the gamma-
ray attenuation coe cient is through back projection. However, the result ob-
tained depicts a smoothed-out function and not the original one. Filtered back
projection is utilised to recover the original function and correct the smoothing
e ect. So filtering the Fourier transform of Rµ by multiplying by Ê, a filtered
back projection equation is obtained.
µ(x, y) = 12B{F
≠1[|Ê|]F (Rµ)(Ê, ◊)]}(x, y). (4.10)
Equation 4.10 indicates that multiplying the Fourier transform of Rµ(Ê, ◊) by the
absolute filter value, |Ê|, before carrying out the inverse Fourier transform is fun-
damentally the essential step for getting image reconstruction very close to the
original image. This therefore means that the original image, µ, can be recon-
structed from the sinogram, g, by first applying a filter and then back projection,
a procedure that will be utilised in the work to reconstruct the radioactive sources
inside a waste drum.
4.3 Image Filtering
We have seen from Figure 4.1d that recovering the original image requires a tech-
nique that enhances and modifies the image obtained from back projection. Such
technique is known as filtering. This filtering in FBP takes a form of simple math-
ematical equations of varying frequency. The basic functions of this filter include
reduction of star artefacts, noise suppression and signal enhancement. There are
various types of filter utilised in reduction of frequency information through an
amplitude-adjusting function between 0 and 1 Nyquist as shown in Figure 4.2.
Depending on the value of the cut-o  frequency, a filter could be classified as a
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low-pass frequency or a high-pass frequency. The value of this cut-o  frequency
determines how the image noise and resolution of a given filter are influenced.
Low-pass filters allow low frequency components while cutting o  the high fre-
quency components. The cutting o  of low frequency increases the smoothing
of the reconstructed image while worsening the image contrast. Hanning and
Hamming filters [28, 60] are both examples of low-pass filter that are e ective in
reducing the image noise. Both only di er in amplitude on the cut-o  frequency.
Another example of a low-pass filter is the Shepp ≠ Logan filter [28, 60] which
produces less smoothing than other low-pass filters but with a resolution far better
than others. The low-pass filter mostly used for smoothing in image reconstruc-
tion is the butterworth filter. Significantly, the butterworth filter is characterised
by the critical frequency and the order or power which varies the slope of the filter
[51]. The butterworth filter can be utilised for both noise smoothing and image
resolution because of its capacity to change both in critical frequency and order
[60].
Figure 4.2: Types of filters utilised for high or low frequency components
reductions. All filters shown allow low frequency component except ramp filter.
For a high-pass filter, the low-frequency components of the image are either re-
moved entirely or drastically reduced, allowing high-frequency ones to appear on
the reconstructed image. A high-pass filter can simply be obtained by subtracting
a low-pass filtered image from the original image. An example of a high-pass filter
is the ramp filter, that does not allow low frequency to pass through to form the
image since it causes image blurring. For image sharpening, the ratio of the high-
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frequency content to the low-frequency content is increased by adding a high-pass
filter version of the image to the original image. The amplification of statistical
noise in the measured gamma-ray counts is a serious limitation of a high-pass
filter. The e ect of this can however, be reduced by combining the ramp filter
with a low-pass filter. As defined before, a filter acts either to smooth (reduce
noise) image or amplify noise. If the e ect of both low-pass and high-pass filters
are not noticed after their implementation on an image, it typically indicates that
the noise level on the image or data is very minimal.
4.4 Image Interpolation
Image interpolation as a basic tool used for image resizing, is the process of sam-
pling known values at a point to estimate values at other unknown locations.
Two broad categories of image interpolation are deterministic and statistical in-
terpolation techniques. While statistical interpolation technique approximate the
signal by minimising the estimation error, the deterministic interpolation tech-
niques assumes variability between the sample points. As the statistical technique
is computationally ine cient, deterministic techniques will be applied in the work
for the smoothing of reconstructed images. Methods of deterministic techniques
for image interpolation used in FBP reconstruction include:
Nearest: Being the most basic of all, nearest neighbour interpolation requires the
least processing time because it only considers one pixel. This basically takes the
pixel of the nearest position. The advantage of the nearest neighbour over others
is its fast processing speed. However, it produces very poor quality images.
Linear: Being a first degree interpolation method, linear interpolation passes a
straight line through every two consecutive points of the original image. Linear
interpolation takes the weighted average of the closest 2 ◊ 2 neighbourhood of
known pixel values to find the surrounding unknown pixel.
Cubic: This is a simple cubic interpolation.
Spline: This is a form of interpolation where the interpolant is a special type of
piecewise polynomial that tries to fit each division of the curve.
Pchip: This is a a special form of cubic interpolation which preserves the shape
of the image.
V5cubic: This is a simple cubic interpolation from MATLAB 5.
Spline, pchip and v5cubic interpolations are forms of cubic interpolation. There-
fore, the investigation of which forms of image interpolation to be adopted in this
work will be limited to linear, nearest and cubic interpolation and this will be




The characterisation of broad energy germanium detectors employed in radioac-
tive waste assay and other gamma-ray spectroscopy is being actively researched in
the field of nuclear instrumentation. The purpose of the characterisation is to pro-
vide an in-depth understanding of the detector response to a range of gamma-ray
energies. This is achieved through detailed experimental measurements and com-
plete simulations of the detectors’ response. This chapter is dedicated to reporting
on the detailed characterisation and Monte Carlo simulations of the spectroscopic
response of the broad energy Germanium (BEGe) detector and collimator optimi-
sation used in this work.
5.1 Detector Specification
The detector used for this work is an electro-mechanically cooled broad energy
germanium (BEGe) detector (Model BE6530) produced by MIRION formerly
Canberra and situated at the Nuclear Physics Research Laboratory, (Precision
Radiometrics Instrumentation Development and Education (PRIDE) laboratory)
within the Department of Physics at the University of Liverpool. The tempera-
ture of the detector is maintained at 77 K by a Cryo-pulse 5r Plus cryostat. The
dimensions of the detector crystal are 3.15 cm high and 9.15 cm in diameter as
shown in Fig. 5.1b. It has a small boron-implanted p+ electrode of 1.35 cm in
diameter which serves as the signal contact. The lithium-di used n+ electrode
covering most of the residual surface of the crystal, serves as the high voltage con-
tact and is separated from the p+ electrode by an annular groove. The detector
crystal is held by a copper cup in a 0.16 cm thick aluminium endcap and placed 0.8
cm from the front window as shown in Fig. 5.1a. The front window is made of 0.06
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cm thick carbon epoxy producing a window to enhance the e ciency for detecting
low-energy gamma rays that penetrate from the front. A bias voltage of +4000 V
is recommended for the detector. Other major descriptions and specifications of
the detector used are presented in Table 5.1 [8].
The data acquisition system used in this work is a charge-sensitive pre-amplifier,
an integrated digital signal analyser and Maestro software. The pre-amplifier is
integrated with the detector and pre-amplifies the charge signal from the p+ elec-
trode. The digital signal analyser (DSA) integrates functions of the high voltage
module, main amplifier module and multi-channel analyser module in an analogue
electronics chain. The DSA records the signal pulse shapes from the pre-amplifier
with a fast sampling ADC, extracts their energy information through firmware
with the trapezoidal shaping algorithm and finally sends the information to the
Maestro software, which addresses the production and storage of energy spectra.
(a) BEGe Detector
(b) BE6530 Model
Figure 5.1: A schematic diagram of a BE6530 Detector (a) Ge detector with the
dark top representing carbon epoxy from [8] (b) View of BEGe detector with
dimensions and labels from [40].
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Table 5.1: Specifications of BEGe detector used in the experimental
measurements.
Descriptions Detector
Detector type (Mirion) BE6530
Detector geometry Plane
Detector active area facing window (mm2) 6500
Active crystal diameter (mm) 91.5
Thickness of crystal (mm) 31.5
Distance from window (outside) (mm) 5.0
Window thickness (mm) 0.6
Aluminum endcap distance from window (mm) 8.0
Window material Carbon Epoxy
Relative e ciency at 1332.5 of 60Co 60
Full Width Half Maximum (FWHM) Resolution (keV) at 5.9 keV 0.478
Full Width Half Maximum (FWHM) Resolution (keV)at 122 keV 0.695
Full Width Half Maximum (FWHM) Resolution (keV) at 1332.5 keV 1.785
Depletion voltage (+)4000
Recommended bias voltage (+)4000
Time constant (µs) 4
Cryostat description Vertical Dipstick
Peak shape (FWTM/FWHM) for 60Co 1.88
Cooling system Electric
5.2 Measurement Techniques
The measurement techniques employed in this detector characterisation are exper-
imental measurement and simulations. The simulations will be used to validated
the experimental measurement.
5.2.1 Experimental Methods
The detection system set-up for the high resolution gamma-ray spectroscopic mea-
surement consists of a BEGe detector (BE6530 model), an amplifier, mulit-channel
analyser and a desktop computer as shown in Figure 5.2.
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Figure 5.2: The setup for high resolution gamma-ray spectroscopy system. A is
the BEGe detector, B is the desktop computer, C is a point radioactive source
and D represents the Amplifier and MCA housed in a rack.
This system was connected to a desktop computer, which uses MAESTRO
spectrometry software [75] for spectrum acquisition.
5.2.1.1 Energy Calibration
The detection system was calibrated for energy using 241Am and 152Eu sources
with respective activities of 179 kBq and 310 kBq at a horizontal stando  of 25
cm using any gamma rays with peaks of emission probability above 2% [100, 44].
The calibration was over the energy range of 59.54 keV to 2.56 MeV for a 8K
Multi Channel Analyser (MCA) (that is 8192 channels) for a good peak resolu-
tion. The energy calibration process was done by setting regions of interest (ROI)
around a number of peaks of interest in an acquired spectrum shown in Figure
5.3. The selected peaks were then manually calibrated by entering the known ener-
gies corresponding to the ROI centroids. The energy calibration parameters were
afterwards calculated by fitting a linear regression model as indicated in Figure
5.4.
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Figure 5.3: Experimental energy calibration spectrum of a 152Eu source acquired
over 3600 seconds at 25 cm distance from the detector.
Figure 5.4: Energy calibration as a function of channel number for the BE6530
detector. A curve fitting package in MATLAB was used to fit the data.
After calibration, uncollimated 137Cs, 241Am and 60Co point-like sources with
activities of 200 kBq, 179 kBq and 281 kBq respectively were independently placed
at the same horizontal stando  [52, 35]. The choice of 25 cm stando  being a
standard detector-source measurement was such that the dead time and count
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loss due to pile-up were not significant and thus considered negligible. A live time
of 3600 seconds was found to be enough time to obtain reasonable counts and keep
the average uncertainty below 2 %.
5.2.1.2 Detector E ciency
The e ciency of a detector can be described as the ratio of the detected gamma-
rays to the overall number of gamma-rays emitted by the radioactive source. It
is a function of the source-detector distance, material density and the gamma-
ray energy [52]. The absolute detector e ciency was calculated by extracting the
net peak area from the Gaussian fit of each of the gamma-ray peaks from the
152Eu, 241Am, 60Co and 137Cs spectra using the region of interest (ROI) feature
in Maestro software and implementing the values obtained in Equation 5.1 [35]:
Á(E) = NpeakLT ◊ A ◊ P“
(5.1)
where
Á (E) = absolute peak e ciency
Npeak = net counts in the peak after background correction
LT = live time, during which the system processes a pulse
A = activity concentration of the radionuclides in Bq/kg
P“ = gamma branching ratio i.e. emission probability
In estimating the absolute e ciency of the detector, gamma-ray peaks with
good quality nuclear data and precision are conventionally considered [35]. The
gamma-ray peaks chosen for absolute e ciency calculation in this work were those
with emission probability above 2 % and are shown in Table 5.3. The activities
(A) of the radionuclides for the sources used in the e ciency calculation were
corrected for using Equation 5.2:
A = A0e≠(⁄)◊t (5.2)
where
⁄ = decay constant
A0 = the initial activity of the radionuclides
t = the decay time
The absolute e ciency from experimental measurements is shown in Figure
5.5. As noted from the graph, there is improved e ciency at low energies peaking
at 59.5 keV of the BEGe detector when compared with typical coaxial detectors.
This improvement which is due to high photoelectric absorption of low energy
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gamma-rays by the dead layers and detector cap, is a characteristic importance
associated with the shape and geometry of BEGe detectors that stand them out
for low energy gamma-ray spectroscopy. The relative e ciency, as explained in
Section 3.3.1, obtained from experimental measurements at 1332.5 keV of 60Co
is 67 % which is about a 12 % deviation from the manufacturer quoted value of
60 %. The decrease in absolute e ciency as the gamma-ray energy increases is
largely due to the higher probability of gamma-rays escaping the active detector
area through Compton scattering, discussed in Section 3.1.2.
Figure 5.5: Absolute e ciency as a function of gamma energy for experimental
measurement. A curve fitting package in MATLAB was used to fit the data.
5.2.1.3 Energy Resolution
The energy resolution of a BEGe detector is a combination of factors such as
the inherent statistical spread in the number of charge carriers, variations in the
charge collection e ciency, and contributions of electronic noise [52, 35]. In this
work, energy resolution was determined by extracting the FWHM (as explained in
Section 3.3.2) of the spectra Gaussian fit for each of the gamma energies from the
radioactive sources used in the energy calibration. As shown from Table 5.2, the
values of FWHM increases as the gamma-ray energy increases. 0.75 keV being the
value obtained at 121.78 keV gamma-ray energy is in agreement with the value
published by the manufacturer [8], while the deviations for the measured values
from the published values are within 8 %.
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Table 5.2: Experimental measured values of FWHM of BEGe detector using
radioactive sources.
Source Radionuclide Gamma energy FWHM ± Error FWHM
Reference (keV) (keV) (%)
NPRL 464 241Am 26.34 0.58 ± 0.01 2.20
59.54 0.65 ± 0.01 1.09
NPRl 471 137Cs 661.66 1.45 ± 0.02 0.22
NPRl 462 60Co 1173.23 2.03 ± 0.01 0.17
1332.5 2.19 ± 0.01 0.16
NPRL 618 152Eu 121.78 0.75 ± 0.01 0.61
244.70 0.90 ± 0.02 0.37
344.28 1.06 ± 0.02 0.31
443.96 1.17 ± 0.04 0.26
778.90 1.60 ± 0.01 0.21
867.38 1.66 ± 0.03 0.19
964.08 1.80 ±0.03 0.21
1085.87 1.85 ± 0.01 0.17
1112.08 1.95 ± 0.02 0.17
1408.01 2.26 ± 0.01 0.16
The energy resolution, as measured by FWHM, is the combination of major
uncertainties as shown in Equation 5.3 [Knoll, 2010],
W2T = W2P + W2C + W2N (5.3)
where WT is the total uncertainty in the energy, WP is the uncertainty in the
electron-hole pair production in the detector, WC is the uncertainty in charge
collection by the detector, and WN is the uncertainty from the electronic noise
arising from the pulse processing.
The variation of the FWHM as a function of gamma-ray energy in Figure 5.6
clearly shows that the dominant contributions at low energies are from electronic
noise and charge collection, while at higher energies, the broadening due to carrier
statistics shows significant e ect. It is understood that small volume detectors,
such as the those widely employed in spectroscopic measurements, have lower
capacitance values and by extension lower electronic noise and similarly, large
volume detectors have higher capacitance values given that detector capacitance
is directly proportional to the electronic noise of the system. The large volume
of BE6530 compared to other BEGe detectors limits the fundamental energy res-
olution performance of the detector. However, the electronic noise of 0.56 keV
obtained from the experimental measurements is still reasonably good for low en-
ergies such as 26.34 keV and 59.54 keV from the 241Am nuclide. A second order
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polynomial fit of the square of the FWHM as a function of gamma-ray energy
(Figure 5.6) produces Equation 5.4.
Figure 5.6: Variation of the FWHM as a function of gamma-ray energy for
BEGe showing the total uncertainty (WT), uncertainty from charge collection
(WC), uncertainty from electronic noise (WN), and uncertainty from
electron-hole pair production (WP). The blue points are experimental data,
while the lines are from calculations.
(FWHM)2 = 0.31472 + (1.6269 ◊ 10≠3E) + (1.9039 ◊ 10≠6E2) (5.4)
the uncertainties obtained from the Equation 5.4 are given as;
W2P = P2E = 1.6269 ◊ 10≠3E
W2C = C2E2 = 1.9039 ◊ 10≠6E2
W2N = N2 = 0.31472
where
P = 0.04033
C = 1.3798 ◊ 10≠3
N = 0.561
The Fano factor which is the ratio of observed variance in the number of electron-
hole pairs created to the variance predicted by Poisson statistics [52] was calculated
from;







The Fano factor obtained is within the range of reported values for germanium
detectors which is from 0.057 to 0.12 [35].
Table 5.3: Gamma ray energies and emission probabilities for the radionuclides
used in the calibrations (from [100, 44]).
Source Radionuclide Gamma Emission Uncertainty
Reference Energy Probability
(keV) (%) (%)
NPRL 464 241Am 26.34 2.40 0.030
59.54 35.78 0.090
NPRl 471 137Cs 661.66 84.99 0.200
NPRl 462 60Co 1173.23 99.85 0.030
1332.5 99.98 0.001












A Monte-Carlo based technique and Laboratory Sourceless Object Calibration
Software (LabSOCS), [9, 104], were used to calculate the absolute e ciency of the
detector. Since the e ciency calculated by the Monte Carlo technique is sensitive
to the detector’s parameters [58], some parameters such as the dead layer were
adjusted to obtain a good agreement with the experimental e ciency.
5.2.2.1 Monte Carlo Methods
The interaction of a gamma-ray with a detector involves many processes whose
outcomes are oftentimes very di cult to predict. The Maxwell-Boltzmann distri-
bution which describes these processes may be di cult to explain using analyt-
ical methods, and to solve them requires computational statistical tools. Monte
Carlo methods becomes suitable statistical tools for estimating the gamma-ray
interactions mechanism through detectors. Monte Carlo methods solve numerical
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problems through simulation of random variables in order to obtain statistically
significant results [7].
MCNP6 utilised in this work is a robust simulation code which merged MCNP5
features with MCNPX making it suitable for applications in wider areas. Simi-
lar to older versions, MCNP6 files contains well structured important information
such as the geometry of the specified problem, complete description of materi-
als involved and cross section evaluations, location and properties of the particle
source, desired tallies and variance reduction techniques for improving e ciency
[37, 109]. This information is located in the input file with distinct sections as
shown in Figure 5.7.
Message Block (Optional)
Blank Line Delimiter (Optional)






Blank Line Terminator (Optional)
Figure 5.7: Typical Structural input file in MCNP6.
Using the interactive graphical terminal, the geometry of the input file is checked
by looking at di erent views with the geometry plotting option. A two dimensional
view (see Figure 5.8a) or three dimensional view (see Figure 5.8b) of the geometry
could be checked to ensure that it is a representation of the problem.




Front dead layer Cu holder 











Figure 5.8: Broad Energy Germanium (BEGe) Detector model (a) shown in
2-dimensional view (b) in 3-dimensional view, generated through MCNP Visual
Editor.
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The Monte Carlo technique relies on tracking the probabilistic interactions of an
emitted gamma-ray from a radioactive source. It generates a history of all in-
teractions of the gamma-ray from creation to possible final absorption or escape
from the defined world, taking records on the interaction mechanism, and energy
deposited through randomly sampled probability distributions. It provides infor-
mation on the gamma-ray history until it reaches a cut-o  energy or escapes from
the medium boundaries.
Similar to other areas of gamma-ray spectroscopy, the Monte Carlo technique has
been applied in radioactive waste characterisation for the estimation of detector
response[42], e ciency calibration, [84, 87, 90, 4, 16], estimation of the detector
geometrical response, [11] and activity of point source reconstruction [53, 94, 54].
It has been used to adjust the physical detector parameters, such as the thickness
of the dead layer, in order to obtain good simulated results in agreement to the
experimental results [84, 45], uncertainty analysis [32, 112], coincidence and non-
coincidence summing in gamma-ray spectroscopy [26]. MCNP6 has been utilised
in this work to simulate the responses of a BEGe detector to sources in a radioac-
tive waste drum. Upon validation by the experimental results, the simulations will
be extended to include attenuation matrices in the drum with a bid to estimate
the e ect of some selected attenuating materials on the source activity of the waste
drum.
MCNP Modelling
The geometrical configuration of the experimental set-up modelled with MCNP
includes the source position, detector specifications as contained in Table 5.1,
which were obtained from the detector manual supplied by Mirion and shown in
Fig 5.1b. MCNP is a general-purpose code applied to the simulation of neutron,
photon and electron transport. It uses continuous-energy nuclear and atomic data
libraries, [109]. The F8 tally (Pulse Height Distribution) was used to calculate
the detector response. 8192 bins corresponding to the number of channels used
in the experimental measurements were maintained in the bin description of the
input file. The MCNP input file is developed such that the geometry specification,
material descriptions, cross sectional selection, source definition and energy range,
tally type as well as variance reduction techniques are clearly stated. The point
sources (152Eu, 137Cs, 241Am and 60Co) used in the experiment were implemented
in the MCNP input file by the use of the SDEF card, that describes the source
position, gamma-ray energy emitted by the radioactive source in MeV and the
gamma-ray emission probability.
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Figure 5.9: MCNP model for BEGe detector. (a) viewing from YX plane (b)
viewing from XY plane. The blue colour represents the aluminum cap, yellow
being the copper holder, the purple is the detector crystal and the white colour
indicates the vacuum. The green colour showing in (a) is the carbon epoxy.
Gamma-ray energies from these sources were used to estimate the absolute e -
ciency of the detector. The 25 cm source-detector distance is maintained. The
Gaussian Energy Broadening (GEB) card provides an essential means of obtain-
ing a spectrum that can be favourably compared with the experimental results in
terms of energy resolution (FWHM). Gaussian broadening is a key step to compare
MCNP outputs with a real measurement to account for limitation of the resolution
of the detector and electronics. The GEB parameters specify the FWHM of the
observed energy broadening in a physical radiation detector. The GEB is called by
entering FTn card in the input file of MCNP and the tallied energy is broadened
by sampling from the Gaussian [78]:
F(E) = Ce≠((E≠E0)/A)2 (5.5)
Where E is the broadened energy, E0 is the unbroadened energy of the tally, C is
a normalisation constant, and A is the Gaussian width. The Gaussian width and






and the FWHM is given as
FWHM (MeV) = a + b
Ô
E + cE2. (5.7)
Where E is the energy of the gamma rays in MeV, the fitting parameters a, b
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and c were obtained experimentally by taking a quadratic fit for FWHM with the
gamma-ray energy as in Figure 5.6. The units of a, b, and c are MeV, MeV 12 , and
MeV≠1.
Figure 5.10: Gaussian energy broadening fit to extract the fitting parameters a,
b, and c.
The following parameters were extracted from the experimental measurement
and fit into FTn card:
a = 4.77 ◊ 10≠4 MeV,
b = 4.68 ◊ 10≠4MeV 12 ,
c = 8.82 ◊ 10≠4MeV 1 .
In order to validate the detector-source model, the MCNP photon transport codes
written were run independently for each of the radioactive sources and the energy
distribution of pulses generated as the gamma-rays incident and interact with the
detector crystal obtained as Pulse Height Tally denoted as F8 in the code, and nor-
mally, the total number scored by this tally represent the histogram of the energy
depositions. The energy histogram for this work were binned into equal energy
window steps of 0.312 keV covering a range of 2556 keV and corresponding to the
MCA channel in the experimental energy distribution. In the MCNP simulations,
a cuto  terminates the program when a certain defined number of particle histo-
ries is attained. For this work, photon transport interactions were run for 2 ◊ 109
histories such that the estimated uncertainty on the scored values in F8 is within
0.5% at the ‡ level. The number of particles histories (NPS card) cuto  termi-
nates the program when the number of photon histories is reached. Experimental
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configurations involving many variables are in most cases vastly more complex
than can be modelled in a simulation, and as a consequence, both simulation and
experimental results do not always match. However, data are normally simulated
until relative errors of both measurements and simulations come within acceptable
values.
Figure 5.11: Absolute e ciency as a function of gamma energy for MCNP
simulations. A curve fitting package in MATLAB was used to fit the data.
Figure 5.11 shows the absolute detector e ciency against gamma-ray energy
for MCNP simulations. As can be seen, absolute detector e ciency estimated from
MCNP increases to a maximum at gamma-ray energy of 59.5 keV, then decreases
for higher gamma-ray energies.
Laboratory Sourceless Object Calibration Software
Laboratory Sourceless Object Calibration Software (LabSOCS) is a computer pro-
gram used for quick and accurate e ciency calibration of germanium detectors.
The code is integrated into the Mirion Genie 2000 gamma-ray spectrometry sys-
tem. The LabSOCS calibration software algorithm requires an accurate descrip-
tion of the problem geometry. This is done through the Geometry Composer
which allows the interactive definition of all geometry-related parameters such as
detector properties, sample dimensions, composition and densities. For creating
and maintaining the nuclides library used for both quantitative and qualitative ra-
dionuclide analysis, the Nuclide Library editor is utilised [104, 55]. An e ciency
calibration curve is the final output of LabSOCS which can be analysed using
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MATLAB or other programmes. The plot of e ciency against energy shown in
Figure 5.12 clearly agrees with the experimental and MCNP simulated e cien-
cies in such that the maximum e ciency occurred at 59.5 keV which represents
great improvement in BEGe technology for lower energy spectroscopy compared
to typical coaxial detectors.
Figure 5.12: Absolute e ciency as a function of gamma energy for LabSOCS
simulations. A curve fitting package in MATLAB was used to fit the data.
As illustrated by the ratios of the e ciency computed from MCNP, experi-
ment and LabSOCS (Figure 5.13), it is clear that e ciency calculated from MCNP
agrees with experimental e ciency at higher energies but over predicted at lower
energies. This could be attributed to the e ects of electric field, pile-up and dead
time being accounted for in the experimental measurement but not modelled in
MCNP simulation. The percentage deviations of MCNP e ciency from experi-
mental e ciency at those lower energies are within 14 % for all energies.
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Figure 5.13: The relative variation of the computed e ciencies with gamma-ray
energy.
5.3 Optimisation of Detector Collimator System
Gamma-rays from a point radioactive source can hit a detector at any point on
it’s field of view (FoV) but to ensure directional detection of gamma-rays by a
detector, collimation of the gamma-rays is required. However, gamma-rays are
emitted isotropically and as a result cannot be easily focused. An absorptive col-
limator material enables all gamma-rays emerging from the collimator aperture
to be absorbed while those in the desired direction get directed onto the detector.
Factors such as the size of FoV, the diameter of imaging detector and importantly,
the nature of measurements to be taken (which parameter between sensitivity and
spatial resolution will be given priority) are to be considered in making decisions
on the type of collimator to be used in tomographic scanning. Collimator re-
sponse is dependent on the shape, length and diameter of collimator holes/slits.
In gamma ray imaging, two parameters that describe collimator performance are
the collimator resolution and collimator e ciency.
The detail of the gamma-ray image projected onto the detector is the collima-
tor resolution while the fraction of gamma-rays that pass through the collimator
aperture and get projected onto the detector is the collimator e ciency. The
length and diameter of the collimator significantly a ects collimator resolution,
while the collimator e ciency is a ected by the collimator diameter and septal
thickness.
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and the e ective length (le ) is given as;
le  = l ≠ 2µl≠1.
where d is the collimator diameter, b is the distance of the collimator from the
radiation source, l is the length of the collimator and µl is the linear attenuation
coe cient of the collimator material at a particular gamma-ray energy.
The higher the values of Rcoll, the poorer the resolution and vice versa. To
improve the collimator resolution, the ratio of the collimator diameter to e ective
length (d/le ) is made smaller. This can be achieved by reducing the values of the
collimator aperture.





where t is the septal thickness and k is a constant which depends on the shape of
the collimator hole. k = 0.24 for a round hole, 0.26 for a hexagonal hole and 0.28
for a square hole.
A relationship between the collimator resolution and collimator e ciency can
be developed from Equations 5.8 and 5.9 to obtain
Ecoll Ã R2coll. (5.10)
Thus, equation 5.10 shows that collimator resolution improves at the expense of
collimator e ciency.
5.3.1 Experimental Collimator Setup
The experimental setup for collimator optimisation for waste drum tomography
involves setting up of a slit-collimator of aperture 10 mm with lead slabs of di-
mensions 150 mm x 75 mm x 75mm such that one side of the collimator lies just
in front of the detector window while the other side is 155 mm from the radioac-
tive source. The radioactive source is placed such that its axis passes through
the centre of the collimator aperture to the centre of the detector crystal. Four
uncollimated radioactive point sources described in Section 5.2.1.1 were counted
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for an hour each to acquire spectrum for the estimation of the detector’s response.
The peak area was extracted and fitted in Equation 5.1 for the estimation of the
collimated detector e ciency. The whole process was repeated for collimator aper-
tures of 20 mm and peak area extracted for the calculation of collimated detector
e ciency. The slit collimator was then replaced with a lead slab pinhole collimator
of aperture 10 mm and the peak area extracted from the spectrum obtained after
counting the same radioactive sources for an hour. The detector e ciency was
calculated.
From the absolute detector e ciency against gamma-ray energy, shown in Fig-
ure 5.14, it can be seen that the collimator system for both slit and pinhole demon-
strate variations in e ciency for all gamma-rays energies being considered. The
results show that slit aperture performs more e ciently than the pinhole aper-
ture. This observation could be attributed to the fact that for pinhole aperture,
the detector field of view (FoV) is smaller compared to the slit aperture, limiting
the number of gamma-rays hitting the detector crystal for interactions.
(a) (b)
Figure 5.14: Experimental detector e ciency as a function of gamma-ray energy
for BEGe detector for source-detector distance of 25 cm (a) slit-collimated (b)
pinhole-collimated. Statistical error bars are included on the plot but in some
cases they are smaller than the size of the symbols. A curve fitting package in
MATLAB was used to fit the data.
A comparison of the slit collimator to pinhole collimator shows that slit is of high
sensitivity compared to pinhole of same aperture as shown in Figure 5.14. This
indicates that for sensitive/e ciency or activity calculation, the slit collimated
detector is preferred.
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5.3.2 MCNP Simulation of Collimator Setup
MCNP was utilised to model the experimental set-up of the detector collimator
optimisation. The model takes into account the detector geometry, radioactive
source (energy composition and position), collimator geometry (dimensions, ele-
mental compositions and density) as shown in Figure 5.15. Both slit and pinhole
collimators were modelled to depict the actual experimental set-up. To aid in com-
parison, the detector to source distance, dimensions of collimator were maintained
as in the experiment. In the model, the dead layer, though, caused by lithium n+
contact was modelled as pure germanium since it consists of impure germanium
caused by lithium di usion into the crystal [35]. With the collimator aperture
kept at 10 mm for the slit collimator, a simulation was run for 1 billion histories
(to keep the uncertainty below 5 %) for each of the four radioactive sources used
for the experimental measurements with the pulse height (F8) tally being the de-
tector response. Similarly, the aperture was increased to 20 mm and a repeat of
the simulation run for each of the radioactive sources.
(a) (b)
Figure 5.15: MCNP model for the detector collimator showing (a) 2D (XY
Plane) and 3D views of slit model (b) 2D (XY Plane) and 3D views of the
pinhole model.
The same processes were repeated for a pinhole collimator and the pulse height
tally obtained for each of the radioactive sources simulated and e ciency extracted
using a MATLAB programme. Figure 5.16 shows the simulated e ciency for both
slit and pinhole collimator as a function of gamma-ray energies. As with the
experimental e ciencies, the sensitivity of the slit collimator is higher than the
pinhole collimator as indicated on the relative ratio of the two e ciencies in Figure
5.16c. The e ciencies showed clear resemblance with the experimental e ciencies
and true indication of good comparison.
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(a) (b)
(c)
Figure 5.16: Simulated detector e ciency as a function of gamma-ray energy for
BEGe detector for source-detector distance of 25 cm (a) slit-collimated, (b)
pinhole-collimated, and (c) Relative ratio of pinhole model to slit model for both
experimental and simulated e ciencies. A curve fitting package in MATLAB
was used to fit the data. Statistical error bars are included on the plot but in
some cases they are smaller than the size of the symbols.
5.3.2.1 Horizontal Field of View Simulation
The collimator system reduces the horizontal field of view of a detector, thus en-
abling a segmented view of an object using collimated detector. This reduction,
depending on the aperture of the collimator, helps to shape the detector resolu-
tions. The e ect of collimator on detector resolution and point spread function
of the detector was investigated by simulating a 137Cs point source at 1 cm steps
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along the detector’s horizontal field of view. This simulation was carried out for
both slit and pinhole models of the collimating system using 10 mm and 20 mm
as the apertures. 10 simulation positions were modelled on each side of the axis
passing through the centre of the collimator aperture to the centre of the detector
crystal. This simulation models maintained the experimental detector to source
distance. The result showed a maximum detector response when the radioac-
tive source was at the centre but slowly decreased by the outward movement of
the source from the horizontal mid point of the detector. The detector response
showed signs of a peak that gradually became flat as the aperture increases as
shown in Figure 5.17a, to figure 5.17d.
(a) (b)
(c) (d)
Figure 5.17: Simulated e ect of detector collimator on the radioactive sources at
di erent horizontal points (a) pinhole collimator for 10 mm aperture (b) pinhole
collimator for 20 mm aperture (c) Slit collimator for 10 mm aperture, and (d)
slit collimator for 20 mm aperture.
The computed FWHM for the 10 mm aperture of pinhole model is 31 ± 1 mm,
while for 20 mm aperture of the same model is 63 ± 2 mm. The values of the
FWHM obtained for both 10 mm and 20 mm apertures of slit model are re-
spectively 36.4 ± 1.3 mm and 70 ± 2 mm. These computed values of the FWHM
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suggest that the pinhole collimator model performs better than the slit collima-
tor model in resolution. It also confirms the understanding that the smaller the
aperture, the better resolving power of the collimator. However, as illustrated in
Figure 5.17, the slit collimator produces relatively higher numbers events than the
pinhole collimator, and this indicates that the sensitivity of the slit collimator is
much better than the pinhole collimator.
5.4 Summary
Broad Energy Germanium (BEGe) detectors are suitable for a wide range of spec-
troscopic applications including radioactive waste assay due to their high resolu-
tion and good e ciency. The absolute detector e ciency obtained from experi-
mental measurements, MCNP simulation and LabSOCS simulations indicate good
e ciency at low energies as a result of the photoelectric absorptions of low energy
gamma-rays by the carbon window. A FWHM of 0.75 keV at 122 keV obtained is
about an 8 % deviation from the manufacturer’s specifications. Similarly, a reso-
lution of 2.19 keV at 1332.5 keV is within the range provided in the manufacturer’s
specifications as shown in Table 5.1.
For waste drum tomography, it is clearly shown that a compromise between ra-
dionuclide identification and hotspot location is required in making the choice of
collimator for drum scanning. Identification of radionuclides in a radioactive waste
drum depends upon the sensitivity of the detector system, and by extension high
collimator aperture. On the other hand, hotspot localisation needs collimators of
very good resolution to be able to resolve any interesting features or spots right
inside the waste drum or to separate gamma-rays of close energies. So, a trade-o 
is required to get the optimum result from the detector collimating system by
maintaining a balance between radionuclides identification and hotspots localisa-
tion when choosing the aperture of the detector collimator.
From the modelled results of the collimated detector e ciency and the collimated
detector resolution, a slit collimator of 10 mm aperture is suitable to e ectively
provide better sensitivity and relatively good resolution for the tomographic in-
terrogation of the waste drum, and therefore will be utilised in the vertical, radial
and angular scanning of the waste drum as will be explained in the next chapter.
The percentage di erence for the resolution of 10 mm aperture for slit collimator
to the same aperture for pinhole collimator is about 14.8 %, showing that the
resolution of the 10 mm slit collimator is about 85.2 % of the pinhole collimator.
Chapter 6
BEGe Measurement and MCNP
Simulations
Over the years, we have had stockpiles of radioactive waste in drums/containers
with little or no process knowledge and inadequate documented information about
the radiological properties of the waste form. In many situations, these stocked
radioactive wastes are concentrated in liquid forms using resins or other forms of
chemical. As they have decayed over the years with likely changes in radioactiv-
ity concentration and hotspots, there is a regulatory requirement [80] that these
radioactive wastes be characterised before either transportation, interim or final
storage. This characterisation helps to provide detailed information on the ra-
dioactivity, chemical and physical form of the waste.
In this chapter, the experimental details of the segmented gamma scanning
(SGS) for a 500 litre standard stainless steel waste drum using a slit-collimated
HPGe detector are presented. The methodology adopted in this work involved
having radioactive source(s) at di erent positions inside the drum and the de-
tector response (sensitivity) measured. The acquired detector responses are then
reconstructed to obtain the image(s) of the radioactive sources used in the form of
a hotspot. Finally, MCNP simulations will be utilised to compute the e ciency of
the counting system as well as the matrices’ e ect on the activity of the sources.
6.1 Scanning System Setup
A slit-collimated HPGe detector (BE6530 model) described in Section 5.3.1 was
mounted on a stainless steel trolley and was positioned such that the collimator
surface was 9.5 cm from the wall of 500 litre standard stainless steel waste drum
that is described in Appendix A.1. The drum stood on a turntable as shown in
Figure 6.1. This standard waste drum of wall thickness 7 mm is recommended
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for the storage of long-lived low level and intermediate level wastes [33]. The
data acquisition system consisted of an inbuilt preamplifier connected to an OR-
TEC amplifier, with the output fed into an ORTEC multi channel analyser. The
gamma-ray spectra were acquired and displayed using MAESTRO software [75]
running on a laptop computer. In the coordinate geometry of the scanning system,
the source distance from the detector is represented by x, the height of the drum
represented by y and the horizontal distance of the drum from left to right and
perpendicular to the x-axis is represented by z.
 
































Figure 6.1: A schematic representation of standard waste drum measurement
geometry. Top left is the coordinate system for the measurement.
6.2 E ciency Calibration of the Counting System
The most desirable method of e ciency calibration is to replicate a representative
sample of the radioactive waste being measured using collected radioactive waste
samples from industry. However, not only does this approach require provisions
for the storage and disposal of the radioactive materials used, there is also a
regulatory requirement for radioactive materials licenses. Therefore, an alternative
approach for the e ciency calibration of the system was adopted in this work. This
approach entailed having radioactive source(s) inside the drum and measuring the
number of gamma-rays reaching the detector. From this the intrinsic e ciency
of the detector was calculated. Thereafter, by applying a series of mathematical
correction factors, such as the drum wall attenuation corrections and geometry
corrections, the e ciency of the counting system was computed. It showed that
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the counting system e ciency depends on the intrinsic e ciency of the BEGe
detector, the source-detector geometry and the gamma-ray attenuation property of
the drum wall material. Experimentally, the e ciency, ‘“, of the counting system
was calibrated using 241Am, 152Eu, 60Co and 137Cs point sources, with a range
of gamma-ray energies between 59.54 keV to 1408.02 keV. Two approaches were
adopted for this counting e ciency calibration. The first approach was having
each source positioned right at the centre of the drum (that is 55 cm from the
detector surface) and at a drum height of 60 cm from the bottom, with detector
collimator to drum wall distance set at 9.5 cm. The absolute detection system
e ciency, ‘m, for this configuration was estimated for each of the gamma-ray






where Nc is the net area of the peak, A is the activity of the radionuclide, T is
the live time, P“ is the gamma-ray emission yield and Ki represents the geometry
and drum wall attenuation correction factors and its e ect was not considered for
the experimental e ciency calculation. The value for Ki will be computed using
the MCNP simulation code.
The second approach was having the radioactive sources positioned at 17 cm
from the detector surface and maintaining the same drum height. The absolute
detector e ciency, ‘w, for this configuration was also calculated for each of the
gamma-ray energies.
6.3 Computation of Source Activity inside the Drum






where Ai = the activity of the radionuclide at energy Ei, N(Ei) is the full energy
net peak area after background corrections for each of the segment, ‘(Ei) is the
drum e ciency at energy Ei determined segment by segment, fl(Ei) is the emission
probability corresponding to energy Ei, t is the live time and CFwall is the drum
wall correction factor that depends on the material composition of the drum wall.
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where µN , µ‘, µrho, µt and µK are the net area uncertainty, e ciency uncertainty,
emission probability uncertainty, live time uncertainty and uncertainties of the
correction factors respectively. The deviation, DA of the experimental value from





where ACA is the average of the calculated activity, ATR is the true or certified
activity which is the source’s activity after decay corrections. The activities for the
radionuclides calculated using Equation 6.2 are presented in Table 7.1. The total
activity of the radioactive sources within the drum was calculated by taking the
average of all the activities from each radial segment. For 137Cs, the total activity
inside the waste drum was calculated by adding up the individual activities of
the two sources, while for the 133Ba and 22Na sources, a gate was applied on one
of their gamma-ray energies and the net peak area for the respective gamma-ray
energy utilised in activity calculation.
6.4 Waste Drum Scanning
Radioactive waste drum scanning is typically the process of moving the detector
and drum relative to one another in order to allow the entire drum to be measured
in stages or steps. The measurement procedure for waste drum scanning adopted
in this work involves segmenting the drum axis into di erent segments. The first
step is dividing the drum into 24 vertical segments. The segmented gamma scan-
ning was then applied to scan each of the vertical segments from top to bottom
as illustrated in Figure 6.2a with a 60Co point source of activity 247 kBq placed
on the central axis of the drum, 59 cm from the face of the detector and at a
height of 40 cm from the bottom of the drum. The vertical layer with the maxi-
mum measured counts represents the segment position where the radioactive point
source is located. At this segment of interest, the collimated detector was then
moved from right to left with a 5 cm step size, as shown in Figure 6.2b, and the
measured counts recorded to determine the actual positional coordinates of the
radioactive point source. The next measurement of the segment was the angular
scanning where the collimated detector was used to scan the drum at a positional
angle of ◊ = 0¶ and thereafter rotated at an angular step of 12¶, as seen in Figure
6.2b. The rotation of the drum during the measurement was to acquire several
data at multiple angular locations of the drum. These measurements were then
averaged to reduce the measurement uncertainty due to non-homogeneity. Each
of the multiple data acquired were regarded as a projection for the corresponding
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Figure 6.2: Segmented gamma scanning system of the standard drum (a)
Vertical movement of the drum (b) radial and angular movement of the drum.
This sketch does not include the tapered upper part of the drum. The
measurement coordinates follow that shown in Figure 6.1
waste drum around. The time for each scan was 4 hours and this time was enough
to acquire su cient events with low statistical uncertainty given that the drum
wall is of stainless steel material of 7 mm thickness which will have significant
attenuation e ects on the number of low energy gamma-rays measured.
Thereafter, three other measurement configurations were carried out with the
following descriptions of the source positions relative to the experimental set-up as
illustrated in Figure 6.3. The first used 133Ba and 22Na point sources of activities
748 kBq and 115 kBq respectively o set 10 cm on either side of the midpoint of
the drum’s central axis. The 133Ba source was at 80 cm and the 22Na source was at
40 cm from the bottom of the drum, while the detector was positioned at a height
of 60 cm. Secondly, a 15 cm long and 1.5 cm diameter extended 137Cs source of
maximum activity 1.2 MBq and of non-uniform activity distribution was placed
horizontally along the z-axis, 59 cm from the detector surface and at a height of
60 cm. The final measurement was two 137Cs point sources of activities 230 kBq
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Figure 6.3: Experimental set-up for the counting system. A is the 500 litre
standard waste drum, B represents the lead collimator, C is the BEGe detector
and D is the lift trolley, E is the turntable and F is the MCA.
and 223 kBq placed 10 cm and 20 cm respectively from the midpoint on opposite
sides of the drum’s central axis and is 59 cm from the surface of the detector.
The source was placed at a height of 60 cm above the bottom of the drum. It is
instructive to note that the detector surface to source distance of 59 cm was cho-
sen to minimise the e ect of the inverse square law and maintain relatively good
counts in order to reduce uncertainty. For each of the measurement configurations,
counts for vertical and radial scanning were recorded along with a projection for
each angle. The information obtained from the emission tomography was anal-
ysed to estimate the location of the radioactive source and activity distributions
inside the waste drum. The emission tomography images were reconstructed from
the total projections for each of the measurement configurations using a filtered
back-projection method discussed in Section 4.2.1 with linear interpolation as a
smoothing algorithm.
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6.5 Reconstructed Image Quality Metrics
The quality of a reconstructed image depends on the level of uncertainty, the na-
ture of the geometrical setup and the number of measurements available. The
statistical uncertainty in the measurement is required to be low to achieve low un-
certainties in the reconstructed image. Uncertainties in the reconstructed image
can be minimised by filtering or smoothing the reconstructed image. The quality
of a reconstructed image can be evaluated using image quality metrics. Three of
the most important of these assessment metrics are Mean Square Error (MSE),
Peak Signal to Noise Ratio (PSNR) and Structural Similarity (SSIM). The MSE
measures the average squared di erence between the reconstructed image and the
actual image. The higher the MSE, the less similar the reconstructed image is
from the original image. PSNR is used to measure the quality of an image after
reconstruction in which a higher PSNR value indicates a higher image quality and,
hence good reconstruction and enhancement. PSNR is expressed in dB. SSIM is
used to measure the similarity between reconstructed and actual images [107].
These metrics are to be utilised in evaluating quality of images obtained from
di erent interpolations, filters and frequency compressions.
The first image processing technique to be considered is interpolation (de-
scribed in Section 3.6.2.3). The comparison of the reconstructed images using
three most commonly used image interpolation methods to the original image is
shown in Figure 6.4. The reconstructed image using linear and cubic interpolation
show similar features to the original image because they consider more values for
the known pixel in calculating the values of the unknown pixel. The artefacts-like
seen in Figure 6.4b for the nearest interpolation is because only one nearest pixel
to the unknown was considered in finding the value of the unknown pixel. The in-
terpolation results illustrated in Figure 6.4 show that the quality of reconstructed
image is not significantly distorted by any of the interpolation forms, an indication
of low measurement noise level in the original image.
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(a) None (b) Nearest
(c) Linear (d) Cubic
Figure 6.4: Image reconstructed using several forms of interpolation.
Since the appearance and quality of the output image is estimated by the
amount of error created by any interpolation method, the analysis of the image
processing technique in Figure 6.5 shows that linear interpolation and cubic in-
terpolation produce better reconstructed images. The analysis shows variation of
MSE, PSNR and SSIM with increasing percentage of image reconstruction. It
can be seen that at 100 % reconstruction, the linear interpolation performs well
as it produces low MSE, high PSNR and SSIM. Therefore, it is on the basis of
the quality of the reconstructed image as well as being, computationally, the sim-
plest form of interpolation that linear interpolation is chosen as a form of image
interpolation in the work.
(a) MSE (b) PSNR (c) SSIM
Figure 6.5: Analysis of the image quality as a function of percentage
reconstruction (%) for the three forms of image interpolation with respect to
Figure 6.5a.
The next step towards image reconstruction is to investigate the e ect of the
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variation of di erent filters to the quality of the image. Four filters to be considered
are the ramp, Shepp-Logan, Hann and Hamming filters [60, 27]. They are used
together with the linear interpolation. The reconstructed images are shown in
Figure 6.6.
(a) Ramp (b) Shepp
(c) Hamming (d) Hann
Figure 6.6: Image reconstructed by varying di erent types of filter.
While the ramp and Shepp-Logan produced good quality images as seen in
Figure 6.6, the true test of the reconstructed image quality can be established
from Figure 6.7. It can clearly be shown that for all three metrics the ramp filter
gives the quality image. Therefore, the ramp filter will be utilised in this work
as it produces high quality image and reduces image blurring by not allowing the
low frequency components to pass.
(a) MSE (b) PSNR (c) SSIM
Figure 6.7: Analysis of image quality for di erent types of filter.
Broadly, the e ect of the filters in the performance may not be clearly ob-
served because the image being reconstructed has no noise to filter as seen in the
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low values for SSIM. Finally, the e ect of frequency compression in the reconstruc-
tion is investigated using several values of the frequency compression parameters.
Frequency compression is a scalar in the range [0,1] which modifies the filter by
rescaling its frequency. The default value is 1 and for the value to be less than
1, denoted by, ni, means that the filter is compressed to fit into the frequency
range [0,ni], in normalised frequencies. The e ect of decreasing the frequency
compression parameter is shown in Figure 6.8
(a) 1.00 (b) 0.90
(c) 0.80 (d) 0.70
(e) 0.60 (f) 0.50
Figure 6.8: Image reconstructed by varying the frequency compression.
There is significant di erence in the quality of the reconstructed images as a re-
sult of the variation in frequency compression parameters, however, this di erence
can be clearly established quantitatively by analysing the image quality metrics
as shown in Figure 6.9.
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Figure 6.9: Analysis of image quality variation with the frequency compression
factor.
There is an improved quality on the images as the frequency compressional
parameter is increased. It therefore shows that since the frequency components
of the reconstructed image are not being removed, there is less need for frequency
compression. Thus, the default value for the frequency compression is to be main-
tained for all image reconstructions since low values of frequency compression
introduce noise into the image as seem in Figures 6.8b to 6.8f.
6.6 Position Reconstruction
Safe disposal of radioactive waste ensuring safety of the environment is an impor-
tant aspect of radioactive waste management. In most waste container, there is
the probability that the activity concentration of the waste is localised. Limiting
the radiation e ect of the waste to the environment requires proper identification
of these localised hotspots inside waste containers. This is why localisation of
hotspots is necessary in mitigating the radioactive hazard to the environment and
general public and is the objective of this research work. The tomographic recon-
struction of radioactive sources inside the waste drum requires knowledge of the
gamma-ray attenuation by the matrices in the waste container. However, since
the experimental measurement part of this work did not involve active waste, the
e ect of the matrix on the attenuation is not going to be factored and thus would
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be taken as a unity. This will obviously contribute to the uncertainty associated
with the measurements when calculating the activity of the radionuclides. The at-
tenuation e ect by the matrices will be investigated and modelled into the MCNP
code to be discussed later in Section 6.8.
Consider a radioactive source placed at any point inside a waste drum and its
response being measured by a collimated detector. The intensity of the radiation
detected is a function of the radioactive source activity, position and the surround-
ing attenuation matrix. The raw data measured by the detector for the angular
direction through the waste drum are a set of gamma-ray projections acquired
at multiple angles for the full rotation. These raw data for the angular direction
represent the full set of line integrals through the waste drum for all paths of the
gamma-ray beam at all angles. As discussed in Section 4.2.1 this is known as the
Radon Transform. For the localisation of hotspots, the set of angular projections
cannot alone be su ciently reconstructed [1], so it is most commonly combined
with projections from either radial scanning or vertical scanning. The two image
reconstruction approaches for radioactive source localisation in this work are (a)
the radial and vertical segmented dependent count rate distributions where the
projections obtained from radial and vertical movements of the detector are com-
bined, (b) the angular and vertical segmented dependent count rate distributions
where the projections from the angular and vertical movements of the detector
are combined. The final stage in the positional reconstruction is implementation
of the resulting projections from the two approaches above into the filtered back
projection (FBP) algorithm developed using a MATLAB code for image filtering
and smoothing.
6.6.1 Point Source Measurement
To investigate the detector response and hotspot localisation, a 60Co point source
of activity 247 kBq given at the time of measurement was placed at a height of
40 cm. The distance of the drum segment centre from the centre of the detector
surface was 59 cm and the distance of the 60Co point source from the drum segment
centre was 10 cm, meaning that the point source was 69 cm from the detector
surface as can be seen in Figure 6.10. The 1332.5 keV gamma-ray was used for
the measurements.
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Figure 6.10: Plan view of 60Co source inside a radioactive waste drum relative to
the collimated detector.
This 60Co point source at any location inside the waste drum can be described
in cylindrical coordinates with respect to the centre of the drum. Therefore, the
position of the point source is defined by its radial o set, Rs, its polar angle ◊, and
its height, H, relative to the drum centre. The signature of each of the gamma-ray
energies associated with the point sources inside the drum is generally a peak in the
angular, vertical and radial dependent count rate distributions. The cylindrical
coordinates can then be estimated through the combination of either the angular
and height dependent count rate distributions, or radial and height dependent
count rates distributions. The vertical height of the waste drum was segmented
into 24 sections in steps of 5 cm. As mentioned before, the angular scanning was
done at steps of 12¶ round the waste drum at the segment of interest. A collimated
BEGe detector was utilised to scan each segment of the vertical axis from top to
bottom and the count rates were recorded. A slice was taken of the segment of
interest and scanned for the angular rotation and the radial axis and the count
rates for each of the angular and radial projections recorded. It took about 4
hours to acquire enough counts for each projection given the high attenuation by
the drum wall which is made of stainless steel and is 7 mm thick.
6.6.2 Measurement of Two Point Sources
The response of the detection system to sources with variable activity distributions
was investigated using two point sources at di erent locations inside the waste
drum. The first scenario was having the two sources positioned at same vertical
drum height but di erent positions along the z-axis (radial plane). The second
was having both sources positioned at di erent heights of the vertical drum axis
and di erent z-axis (radial plane). The detailed measurement procedures for the
two scenarios are discussed below.
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6.6.2.1 Two Point Sources at Same Height inside the Drum
Two 137Cs point sources of relatively equal activities at the time of measurements,
230 kBq (to be denoted SB) and 223 kBq (to be denoted SA), were positioned at
10 cm and 20 cm respectively on opposite sides of the drum centre vertical axis
as shown in Figure 6.11. This meant that the distance of separation between the
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Figure 6.11: Two 137Cs point sources at same height inside a radioactive waste
drum. (a) Plan view with collimated detector, (b) Front view of the setup. The
tapered end of the drum is not shown.
The activity ratio of SA to SB was estimated to be 0.9695, being 3.05 % in
di erence between the activities of the sources. Both sources were 60 cm above
the bottom of the drum with SA being 52.46 cm from the collimator surface and
SB 55.25 cm from the collimator surface. The displacement ratio of SB to SA from
the detector collimator surface was calculated as 0.9495, being 5.05 % in di erence
between the displacement of the two point sources from the detector collimator
surface. The drum was scanned by moving the detector along the vertical segments
in steps of 5 cm from top to bottom and the projections at each segment were
recorded. With the detector height at 60 cm from the bottom of the drum, the
radial scanning of the drum was undertaken in 5 cm steps and the projections at
each step were recorded. At the same height, the angular scanning of the drum
was carried out in 12¶ steps, and the projections for each angular position were
recorded.
Chapter 6. BEGe Measurement and MCNP Simulations 81
6.6.2.2 Two Point Sources at Di erent Height inside the Drum
Two sources of di erent radionuclides were utilised to evaluate the response of
the detecting system to sources of non-uniform height and significant di erence
in values of activity. A 133Ba point source of activity 748 kBq (given at the time
of measurement) positioned at a height of 80 cm above the bottom of the drum.
This source was 10 cm away from the drum’s central axis towards the drum wall
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Figure 6.12: 133Ba and 22Na point sources at di erent height inside a radioactive
waste drum. (a) Plan view with collimated detector, (b) Front view of the setup.
The tapered end of the drum is not shown.
The notable gamma-ray energies of 133Ba are 80.99 keV of gamma-ray emission
probability of 34.2 % and 356.99 keV with gamma-ray emission probability of
62.2 %. The second source is a 22Na point source of activity 115 kBq (given at
the time of measurement) placed at a height of 40 cm above the drum bottom
but 20 cm distance separation from 133Ba source. This means that the source is
10 cm from the drum mid centre axis towards the other side of the drum wall.
The gamma-ray energy considered for 22Na is 1274.5 keV with percentage yield of
99.9 %. The other gamma-ray energy is 511 keV which is an annihilation peak,
has percentage yield of about 180 %. The percentage activity ratio for the 22Na
source to 133Ba source is 15.37 %. The configuration of the sources inside the drum
was such that each is 10 cm away on opposite sides of the drum central axis. The
drum was first scanned from bottom to top and the two peaks positions in the axial
scan corresponding to the vertical positions of the hotspots noted. The detector
was then moved from left to right at a height of 60 cm from the bottom of the
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drum, which was the mid point between the vertical positions of the two sources.
Afterwards, the drum was scanned at an angle, ◊ = 0¶ maintaining the same 60
cm height position of the detector and the corresponding projection recorded. It
was then rotated by an angle, ◊ = 12¶ and the projection corresponding to the
new angle recorded. This was repeated until a set of projections after turning the
drum through 360 degrees was obtained. Each of the projections included count
rates for each of the gamma-ray energy peaks of the two radioactive sources.
For the image reconstruction, the 80.99 keV gamma-ray energy from 133Ba was
chosen specifically to check as part of the investigation the detector response to
low energy gamma-rays, while the 1274.5 keV gamma-ray energy emitted from
22Na was chosen for the image reconstruction.
6.6.3 Extended Source Measurements
Radioactive wastes are generated from di erent sources and there is a likelihood
of having non point like hotspots inside the drum. The hotspots could be dis-
tributed in a volume forming an extended source. Characterisation of such a
drum requires an approach capable of estimating the approximate size, intensity
and localisation of the distributed source. Interrogating such a waste drum is
somewhat complicated due to the fact that the detector responds di erently to
every point within the source, which in e ect contributes to a di erent degree in
the overall gamma-ray intensity unlike the point-like source that is straightfor-
ward. For activity quantification of distributed sources, it is evidently important
to deduce the e ciency for a given energy for the volumetric source, which can be
done from the e ciency of point-like source by using an e ciency transfer tech-
nique [58, 102]. This requirement for the deduction of the e ciency from the point
source like e ciency will not necessarily impact significant uncertainty in hotspot
localisation.
For this measurement, a non-uniform distributed 137Cs source of activity 1.2 MBq,
15 cm long and 1.5 cm in diameter was utilised. The activity concentration at one
end of the source is ’hotter’ than the activity concentration at the other end. The
source is a composition of a 137Cs source prepared in a typical English soil [23]
and wrapped in a soft polythene bag as shown in Figure 6.13.
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Figure 6.13: A schematic representation of 137Cs extended source wrapped in a
polythene bag. The tape indicates the hotter end of the source.
The extended source was positioned at the middle of the drum central axis
in such a way that it extended to both sides of the drum half as illustrated in
Figure 6.14. It stood 60 cm above the bottom of the drum and 51.5 cm from the
detector collimator surface. Given that the aperture of the detector collimator
was 10 mm, the source-collimator distance of 51.5 cm is enough for the extended
source to be viewed completely by the detector through the collimator aperture.
With the collimated BEGe detector, the drum was scanned from top to bottom,
and thereafter the detector was moved from left to right with a 5-cm step size at
the axial position with the maximum peak counts. The projections (count rates
for both radial and vertical scanning were recorded. For the angular scanning, the
drum was first scanned at an angle ◊ = 0¶, and the projection
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Figure 6.14: Plan view of extended 137Cs source inside a radioactive waste drum
relative to the collimated detector.
recorded. The drum was then rotated by angle increments of ◊ = 12¶ and the
corresponding angular projections recorded. A set of projections was obtained
after turning the drum around. The data acquired in all measurements were then
used for tomographic image reconstruction.
6.7 Evaluation of Measurement Uncertainty
Establishing the activity of the radionuclides and hotspot localisation are the
major objectives this study set out to achieve. Due to the statistical nature of ra-
dioactive decay, the measurement results obtained in this work are an estimation
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of those parameters, requiring discussion of the measurement uncertainties which
had some e ects on the results. It is required that for proper estimation of the
measurement uncertainty, an assessment of the e ects of all significant sources of
uncertainty must first be carried out. The sources of the uncertainty are both sta-
tistical and systematic. The uncertainty of statistical errors present in the counting
measurement are not very significant as the error can be controlled by the user.
On the other hand, the systematic error contributes significant uncertainties in
non-destructive techniques as it relates to the properties of the radioactive sample
itself. Sources of systematic errors in passive gamma-ray assay include attenu-
ation by the matrix and drum wall, self-absorption in the radioactive material,
inhomogeneity of the matrix, calibration factor, and measurement geometry. For
reliable results, these measurement uncertainties were corrected for and considered
in the computation of the final result values. To correct for the self-absorption
within the individual gamma-ray emitting particles, it is always assumed that ra-
dioactive material to be assayed and the matrix are reasonably uniform so that
self-absorption within the individual gamma-ray emitting particles are negligible.
However, these experimental measurements did not involve a matrix and as such,
the e ects on the activity of the radionuclides are very minimal.
The rotation of radioactive material in segmented gamma scanning while tak-
ing measurements helps to minimise the e ects of radial inhomogeneities. From
the e ect of rotation of the radioactive sample on count rate (CR) variation illus-





Figure 6.15: E ect of rotation of the radioactive material on count rate variation.
source rotating at a radius, r, to that of a radioactive source located at the centre









And for a non-rotating radioactive source, the ratio of the count rate is given by









Calculating the e ect on the angular scanning using 60Co source with r = 10 cm
and R = 59 cm, the ratio of the average count rate, CR(r)CR(0) for a rotating drum
was obtained as 1.03 while that of a non-rotating drum, CR(R≠r)CR(R) was estimated
as 1.45 which is a 29 % improvement when rotating the drum while measuring.
Similarly, for the one of the 137Cs sources with r = 20 cm and R still 59 cm, the
respective values of CR(r)CR(0) and
CR(R≠r)
CR(R) were 1.13 and 2.29, a 50.6 % improvement
by rotating the drum. As clearly shown from the above expression, radioactive
material rotation helps in reducing the e ects of radial inhomogeneity. The e ect
of the vertical inhomogeneities was as well minimised by segmenting the height of
the drum in stepwise of 5 cm.
The evaluation of the uncertainty of the activity of the radionuclides and
hotspot localisation in this work followed international recommended practices
[41], by evaluating the contributions of the main uncertainty component. How-
ever, a convenient approach to measurement uncertainty computation in non-
destructive assay is the use of statistical modelling to simulate the various e ects
of uncertainties. This will be incorporated into the MCNP simulation to be de-
scribed in the Section 6.8 below.
6.8 MCNP Simulations
For the validation of the Broad Energy Germanium (BEGe) measurements, sim-
ulations for the expected detector performance were performed using the Monte
Carlo N-Particle (MCNP) code, a Monte Carlo based particle tracking simulation
tool. During this investigation, MCNP modelling was employed for radioactive
waste drum interrogation. The performance of the BEGe detector, under a vari-
ety of di erent complex conditions and environments that could not be achieved
during laboratory measurement, was investigated with this code once validation of
the code for this detector was completed. These conditions included computation
of detector responses to radioactive sources at di erent positions inside the waste
drum and estimation of the e ect of attenuation matrix on the activity of the
radioactive waste.
Monte Carlo simulation has become a very suitable tool for solving these type
of complex radiation problems involving a particle’s transport because the radi-
ation interactions with matter strictly obey the probability law [98]. The Monte
Carlo ability to trace a particle’s path from production to absorption or escape
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makes the technique useful in radionuclide metrology such as e ciency computa-
tion and estimation of detector response function [42, 106].
The main disadvantage of using Monte Carlo modelling to estimate the detec-
tor responses to di erent spectrometric measurements is insu cient reliability in
detector parameters provided by the manufacturers. It is therefore required that
optimisation of these detector parameters (such as detector crystal dead layers,
charge collection and electric field contribution) be carried out first to estimate
the values of those parameters that match the experimental measurement. The
optimisation of these parameters for the BEGe detector (Model BE6530) utilised
in this work had satisfactorily been carried out as discussed in Sections 5.2.1 of
this thesis.
The Monte Carlo technique has been applied in this work to simulate the re-
sponse of a collimated detector to two 137Cs point sources positioned inside a 500
litre standard radioactive waste drum. From the estimated detector response,
the e ciency of the modelled detection system geometry was computed. The
simulated system e ciency would be utilised to compute the activities of the ra-
dionuclides. This simulated activity will then be validated by the experimental
activity. MCNP6.2 has been utilised for this simulation. This version of the code
is suitable for modelling the collimated detector response due to its pulse height
tally (F8) function, which calculates the energy deposition pulses created in the
detector. Also, the FMESH tally that creates a file for image visualisation of the
source distribution is another feature in this version of the code as shown in Figure
6.19a. This version is very useful in this work due its capacity to model a tapered
conical object which formed part of the waste drum as seen in Figure 6.16. The
versions of MCNP lower than version 5 do not have this particular feature.
To achieve reliability of the MCNP results, the radioactive source and detector
must be accurately modelled and simulated in the computational code environ-
ment. The detector responses from the simulation are then validated with ex-
perimental data to ensure the physical compatibility of both the simulated and
experimental results.
6.9 MCNP Model for Radioactive Waste Measurement
The model for the detector collimator optimisation developed in Section 5.3 was
extended by adding the 500 litre standard waste drum whose dimensions are given
in Figure A.1 of Appendix A.1. The waste drum wall was modelled as stainless
steel of density and elemental compositions listed in Table A.1 of Appendix A.1
[62]. However, no literature was found to categorically provide the type of stain-
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less steel as it is required in the choice of material compositions in MCNP code.
Therefore, 316L stainless steel was chosen after modelling four types of stainless
steel (304, 304L, 316 and 316L) as the material for drum wall that produced closely
related detector e ciency with the experimental values. The results for 316L were
found to be in good agreement with the experimental e ciency as shown in Figure
A.3. The thickness of the drum wall was 7 mm. The MCNP model of the waste
characterisation system carefully included all the significant components of the set




Figure 6.16: An MCNP model of the radioactive waste drum with BEGe
detector (a) 2-dimensional view (3) 3-dimensional view.
6.10 Absolute E ciency of the Detection System
Similar to the experimental measurements, the e ciency of the system was inves-
tigated using 241Am, 60Co, 137Cs and 152Eu modelled as point sources positioned
at the geometrical centre of an air filled drum. Generally, the full-energy peak
e ciency (Á) of the measurement system is given as the ratio of the number of




The modelled measurement system is simulated using the MCNP code to ob-
tain the number of pulses generated in each channel of the energy spectrum with
F8 tally function. The F8 tally simply sums the total energy deposition for each
event in a given cell (which in this case is the active volume of germanium detec-
tor). The tally result represents the probability per event that a given energy is
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deposited in the detector.
The variance (uncertainty) associated with the probability per energy bin is
also calculated by MCNP. This uncertainty is based on the sampling statistics and
the values can be reduced by running more histories. The estimated uncertainties
level for the simulations were maintained at 5 % for a confidence interval of 95 %
(k = 2) by running 1 ◊ 109 histories. The simulated result was then normalised
to one gamma-ray emitted to obtain pulse height per emitted gamma-ray which
represents the full-energy peak e ciency for the modelled measurement system.
6.10.1 Absolute E ciency of the Detection System for Ax-
ial Source Positions
The point of the simulation is to account for variations in detector responses due
to source positioning inside the drum. The significance is to develop a model that
can improve the quantification of activity of radionuclides present in drum waste.
Improving the estimation of the activity of the radioactive samples required correct
determination of the solid angle between the source and the detector, and this
entails taking into consideration every absorber or attenuating material between
the source and detector active medium. Therefore, the MCNP code was written
to simulate the detector response for sources located at di erent points inside the
drum and e ciency for each of the source position estimated.
To consider the variations in detector response to sources at di erent positions
inside the drum, four point sources (241Am, 60Co, 137Cs and 152Eu) were simulated
with the sources in coaxial and non-axial positions. The first simulation modelled
the four sources at three coaxial positions describing (1) source to detector distance
of 17 cm (denoted by SR), (2) source to detector distance of 55 cm (represented by
SM), and (3) source to detector distance of 92 cm (denoted by SL), all along the
detector FoV and on the same horizontal axis with detector midpoint as shown in
Figure 6.17.












Figure 6.17: Top-down view of 60Co source inside a radioactive waste drum
relative to the collimated detector. These sources are all at the same height of 60
cm from the base of the drum.
A history of 1 ◊ 109 particles was simulated to keep the uncertainties low and
the e ciency as a function of gamma-ray energy calculated for the three source
positions.
6.10.2 Absolute E ciency of the Detection System for Non-
Axial Source Positions
For non-axial positions of radioactive sources, three sources positioned 10 cm, 20
cm and 30 cm away from the drum central midpoint as illustrated in Figure 6.18,
and denoted by SN1, SN2 and SN3 respectively were modelled to calculate the
detector response and e ects of solid angle between the sources and detector active
medium on the gamma-ray energies. The detection e ciency for the simulated
response was calculated for the gamma-ray energies from 59.54 keV to 1408.01 keV
and the results plotted against the gamma-ray energy as illustrated in Figure 7.5.
 
Collimated 








Figure 6.18: Top-down view of 60Co source inside a radioactive waste drum
relative to the collimated detector. SN1, SN2 and SN3 are respectively 10, 20
and 30 cm from the centre of the drum.
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6.11 Activity Computation Using Simulated E ciency
The activity of the radioactive sources was computed using Equation 6.8 for the





where Ne is the gamma-ray counts from the experimental measurements, T is
the live time and fl“ is the emission probability, CFm is the matrix attenuation
correction factor, CFw is the steel wall attenuation correction factor and Á is the
detector e ciency. The matrix correction factor, CFm, was calculated using the
Parker formula [77, 103];
CFm =
≠ln(Tk)
1 ≠ Tk . (6.9)
where T is the gamma-ray transmission calculated for each gamma-ray energy
and source positions using MCNP, and k is the geometry dependent factor with
approximate value of 0.83 [77, 103] for a cylindrical geometry. For the no-matrix
model, the matrix correction factor was taken as a unity. Similarly, the drum wall





where Tw is the transmission factor calculated for each gamma-ray energy and
source positions using MCNP.
The detection system e ciency, Á, was calculated by averaging the angular ef-
ficiency of each segment. To calculate the relevant e ciencies for the gamma-ray
peaks, each of the source positions was modelled using MCNP and the individ-
ual gamma-ray e ciencies obtained segment by segment using the F8 tally. The
FMESH tally feature in the code was used to generate mesh volume for visualisa-
tion of the sources inside the radioactive waste drum as shown in Figure 6.19.
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(a) (b)
Figure 6.19: FMESH plots (a). Two 137Cs sources separated by 30 cm (b) A
133Ba and 22Na sources. The blue colour represents the waste drum and the red
is the point sources.
The system e ciency obtained for each of the source positions and the corre-
sponding simulated values of CFm and CFw were inputed into Equation 6.8 for
computation of the activity of the radionuclides. Other parameters in Equation 6.8
such as the values Ne and T were obtained from the experimental measurements.
6.12 E ects of Matrices on the Activity
Apart from waste immobilisation, matrices play significant roles in overall shield-
ing and activity reduction in radioactive waste. Since the fundamental principle
for waste packaging entails holding radioactive waste in storage until it has su -
ciently decayed to an acceptable level, the amount of time the radioactive waste
spent in such storage can be reduced by the introduction of an appropriate shield-
ing matrix. This evidently will help to minimise the amount of time the packaged
radioactive waste is stored and thus save time and resources as the activity would
have decayed away and the waste can safely be disposed of as clearance level.
The matrices being investigated for their shielding capability of gamma-rays in
radioactive waste are concrete, bitumen, polymer and polymer concrete composite.
Concrete, bitumen and polymer have regularly been used for waste immobilisation
and the possibility of them being used as attenuating materials is explored in this
work. Polymer concrete composite is potentially considered a good material that
can o er e ective attenuation of gamma-rays being a composite material.
Concrete is a compact material formed by the hydration of cement, sand, gravel
and water. It has been used as a shielding barrier in nuclear reactors and is one
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of the shielding materials for radioactive waste immobilisation [72]. These shield-
ing e ects of concrete are dependent on its density and elemental composition.
Compared to other shielding materials, concrete is usually preferred because it
is a composite-type material in which its constituents can be optimised to meet
specific shielding demands. Additionally, concrete is relatively non expensive and
its composition relatively in abundant. It is also easy to manufacture.
Bitumen is a typical mixture of high molecular weight hydrocarbons obtained
naturally or a residue from petroleum. Bitumen has low radiation stability com-
pared to concrete and could potentially be a useful material for gamma-ray shield-
ing due to its chemical inertness and readily availability. Among all types of bitu-
men available, asphalt was chosen for this work because like concrete, it is readily
available.
Polymer like other materials mentioned above has been used for radioactive
waste immobilisation due to its high strength, low permeability, compatible with
di cult waste and radiation tolerance. An example of a polymer used in this work
is epoxy resin. It is a lightweight, easy to process polymer material, has good ra-
diation stability though not as good as concrete and good mechanical properties
utilised as a shielding material for low energy gamma-rays. Epoxy resin is a
promising material for shielding low gamma-ray energies due to its lightweight
nature.
For the shielding of high gamma-ray energies, a composite material was formed
by a mixture of epoxy resin and concrete known in this work as polymer concrete
composite (PCC). The PCC is a mixture of concrete and epoxy resin by varying %
weight fraction of concrete and epoxy resin. The densities and elemental composi-
tions of these matrices are provided in Table B.2 of Appendix B.1.1. Whilst several
studies had been conducted on the e ects of epoxy based polymer on gamma-ray
shielding, no detailed research has been carried out on the application of epoxy
concrete composite matrix in gamma-ray shielding of a radioactive waste drum of
LLW or ILW.
The elemental compositions and densities for the concrete and bitumen used in
MCNP codes were obtained from the Compendium of Material Composition Data
for Radiation Transport Modelling [62], whilst that of epoxy resin was obtained
from the Neacrp Comparison of codes for the radiation protection assessment of
transport packages [5]. The comprehensive elemental compositions and densities
for the materials are listed in Table B.1 of Appendix B.1
The e ects of these matrices on the gamma-ray energies in radioactive waste
can be investigated by calculating the gamma-ray transmission factor and % at-
tenuation of gamma-rays. The gamma-ray transmission factor represents the frac-
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tional number of gamma-rays that are detected after traversing through a matrix
compared to that which was detected without a matrix. The fraction of gamma-
rays detected depends on the density and elemental compositions of the matrix.
The gamma-ray transmission factor can be estimated by computing the ratio of
the detected gamma-ray intensity, I, to the incident gamma-ray intensity, I0, as
shown in Equation 6.11.
Transmission factor = II0
. (6.11)
The incident gamma-ray intensity, I0, was determined by simulating the counting
system with no matrix for source to detector crystal face distances of 17, 27, 37, 47
and 55 cm (for source location at the centre of the drum) in a gamma-ray energy
range of 59.54 to 1408.01 keV. The F8 tally was used to obtain the pulse height
distribution and this represents the detector response with no matrix.
Thereafter, the waste drum was filled with concrete (Los Alamos) and the
detected gamma-ray intensity, I, was determined by simulating the waste drum
counting system for a source to detector distance of 17 cm. From the F8 tally,
the intensity was estimated. The simulation was repeated for source to detector
distances of 27, 37, 47 and 55 cm, and in each case, the detected gamma-ray
intensity estimated for all the gamma-ray energies being considered. The whole
procedure was then repeated for the remaining matrices (bitumen, polymer and
PCC) one after another and their corresponding detected gamma-ray intensities
at each of the source to detector distances obtained.
The percentage of the gamma-rays attenuated by the matrices for each of
the source to detector distances at four selected gamma-ray energies of 59.54
(241Am), 121.78 (152Eu), 661.67 (137Cs) and 1332.5 (60Co) keV were calculated
using Equation 6.12. These gamma-ray energies represent the energy range for the
three main interaction mechanisms (photoelectric absorption, Compton scattering
and pair production) for gamma-ray.
% Attenuation = I0 ≠ II0
◊ 100 %. (6.12)
Chapter 7
BEGe and MCNP Simulation
Results
Results and discussions of experimental measurements at the Precision Radiomet-
rics Instrumentation Development and Education (PRIDE) laboratory and the
MCNP simulations are presented in this chapter. The format of the results pre-
sentation include the validation of the MCNP simulated e ciencies and activities
with the experimental calculated e ciencies and activities.
These are followed by the results of the tomographic reconstruction of ra-
dioactive sources from segmented gamma scanning of the drum waste. Finally,
the results comparing the gamma-ray transmission factors and % attenuations of
some selected matrices on the intensity of the radioactive sources will be presented.
7.1 Validation of the System E ciency
As mentioned in Chapter six, the two approaches adopted in this work for the
calculation of the e ciency of the system include positioning the sources inside
the drum at a source to detector crystal face distance of (1) 55 cm, and (2) 17 cm.
The plot of the absolute system e ciencies against the gamma-ray energy for
source to detector distance of 55 cm of both experimental and simulated results
are shown in Figure 7.1. Similarly, the plot of the absolute e ciencies against the
gamma-ray energy for source to detector distance of 17 cm of both experimental
and simulated results are shown in Figure 7.2.
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Figure 7.1: Absolute e ciency as a function of gamma-ray energy for the
counting system for source to detector distance of 55 cm. A curve fitting package
in MATLAB was used to fit the data.
Figure 7.2: Absolute e ciency as a function of gamma-ray energy for the
counting system for source to detector distance of 17 cm. A curve fitting package
in MATLAB was used to fit the data.
As illustrated in Figures 7.1 and 7.2, the e ciency curves obtained from the
two calibration approach follow the same trend, as the maximum e ciency oc-
curred at the gamma-ray energy of 121.78 keV. There is a sudden rise in e ciency
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between 59.54 keV and 121.78 keV. This observation is due to higher photoelectric
absorption for low energy gamma-rays by the drum wall. The elemental composi-
tions of the drum wall as listed in Appendix A.1 has higher density (8.00 gcm≠3)
and some high Z elements such as molybdenum. The relative ratio of the simu-
lated e ciency to the experimental e ciency is illustrated in Figure 7.3 to show
the agreement between the simulated and experimental e ciencies. The simulated
e ciency (though, systematically higher due to reason given in Section 5.2.2.1)
and experimental e ciency showed good agreement with the discrepancies for all
the energies within 5 %.
Figure 7.3: Comparison of the simulated to experiment drum e ciencies for both
source positions.
7.1.1 Absolute E ciency for Axial Source Positions
As mentioned in Chapter six, the three axial source positions are denoted by SM
(representing source to detector distance of 55 cm), SR (representing source to
detector distance of 17 cm, and SL (representing source to detector distance of 92
cm). The e ciency ratios SM/SM, SR/SM and SL/SM were calculated and the
results plotted against gamma-ray energy as shown in Figure 7.4. It can clearly
be seen that there is a strong dependence of detector response (e ciency) on the
positions of radioactive sources. Even on the same axis, the detector to source
distance is a function of the solid angle. The response decreases with a reduction
in solid angle.
The significance of this result is that localisation of hotspots inside a waste
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drum should be aptly considered during waste management proposals. These
findings support the usefulness of radial or angular scanning of the drum during
waste characterisation. During radial or angular scanning, the detector response
varies with changes in detector positions or drum positions, and the rotation or
movement of either the drum or detector seek to reduce the detector to source
distance thus improving the e ciency of the measurements and the ease of hotspot
localisation.
Figure 7.4: Detector response dependence on the sources positions for axial
source positions. Source, SM, is 55 cm from detector, Source, SR, is 17 cm from
detector and Source, SL, is 92 cm from detector.
7.1.2 Absolute E ciency for Non-axial Source Positions
The result of the detection e ciency for the simulated response was calculated for
the gamma-ray energies from 59.54 keV to 1408.01 keV and plotted against the
gamma-ray energy as illustrated in Figure 7.5.
As can be seen from Figure 7.5, the system detection e ciency showed an
opposite trend to the e ciency when the sources are in coaxial positions (the
black curve). A decrease in gamma-ray energy produces an exponential increase
in attenuation e ects, limiting the probability of low energy gamma-rays reaching
the detector surface. The impact on low energy gamma-rays could be attributed
to the high rate of photoelectric absorption by the lead collimator and the drum
wall. Further observation showed that an increase in asymmetry (i.e. source far-
ther away from the drum detector axis) reduced the detection e ciency. These
results imply that the computation of source’s activity by one shot scanning of
radioactive drum could significantly be underestimated for non-axial radioactive
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sources. We, therefore demonstrate by these results that axial scanning of radioac-
tive waste drums could e ectively and e ciently o er better means of estimating
the activity of the sources or hotspots. This is potentially recommended for waste
drum characterisation for accurate estimation of the activity of hotspots.
Figure 7.5: Simulated detection e ciency for non-axial radioactive source
positions compared to axial source position. SM represents source at the centre
of the drum, while SN1, SN2 and SN3 are respectively 10, 20 and 30 cm from the
centre of the drum. A curve fitting package in MATLAB was used to fit the data.
The significance of these results for the detection e ciencies for coaxial and
non-axial source positions is the need to undertake radial scanning of the drum
while performing e ciency calibrations during waste characterisation process so
as to achieve reliable detector response for accurate quantification of activity and
localisation of the radioactive sources or hotspots. This is to minimise the uncer-
tainty imposed on the e ciency by non-axial position of the sources.
7.2 Validation of Source Activity inside the Drum
It was stated earlier that the total activity of the radioactive sources within the
drum was calculated by taking the average of all the activities from each radial
segment. The calculated activity is then compared with the true activity (activity
of the sources after decay corrections) as illustrated in Table 7.1. The table shows
quite some discrepancies on the calculated activities for 137Cs, 60Co, 133Ba and
22Na from the true activities with a minimum percentage deviation of 6.22 % to
a maximum percentage deviation of 15.16 %. The estimated activity distribution
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Table 7.1: Comparison between the true activity and calculated activity of
radionuclides used.
Radionuclides Energy True Activity Calculated Deviation
Reference (keV) (kBq) Activity (kBq) (%)
133Ba 80.99 748 ± 27 634.58 ± 39.34 15.16
137Cs 661.67 453 ± 21 408.74 ± 22.98 9.78
22Na 1274.47 115 ± 11 99.26 ± 19.85 13.69
60Co 1173.28 247 ± 16 227.90 ± 29.46 7.73
60Co 1332.50 247 ± 16 231.60 ± 34.57 6.22
for 137Cs is a combination of the activities for the two sources. Specifically, the
activity of 133Ba is much more underestimated compared to the other radionuclides
due to the higher absorption coe cient of the gamma-rays for 80.99 keV (being
the energy considered in the calculation) by the drum wall and lead collimator
which significantly reduced the number of gamma-rays being measured by the
detector. Furthermore, the activity underestimation for 133Ba and 22Na can also
be attributed to non-axial positions of the two sources with the detector. Both
sources are not on the same vertical height with the detector and with wider solid
angles, will not be fully visible within the detector FoV.
Figure 7.6: Activity ratio for low energy gamma-rays and higher energy
gamma-rays. ACA is the average of the calculated activity while ATR is the true
activity.
Among the radionuclides, the least deviation was observed in 60Co with 6.22 %
di erence between the calculated and true activities. This observation could be
explained noting the absorption coe cient at the energy is not as high as it is in
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low gamma-ray energies.
A comparison of the activity ratio for the low energy gamma-rays and the
higher energy gamma-rays is shown in Figure 7.6. As can be seen, the calculated
activity for 60Co and 22Na were underestimated from the true activity by a factor
of 1.07 and 1.17 respectively, while that of 137Cs and 133Ba were respectively
underestimated by 1.11 and 1.17. The figure clearly showed that discrepancy
between the calculated and true activities decreases as the gamma-ray energy
increases.
Taking a slice through the diameter (radial) of the waste drum at the drum
height segment of interest, a normalised activity distributions inside the drum for
two 137Cs sources are shown in Figure 7.7. They reflect the angular and radial




Figure 7.7: Activity distribution of two 137Cs sources taken from the drum
segment of interest. (a) Angular activity distribution on the segment of interest
(b) Radial activity distribution on the segment of interest. The sources are
positioned 10 cm and 20 cm on both sides of the drum central axis.
The variations in amplitude as seen in Figure 7.7 is a demonstration of the
di erence in the true activities of the radionuclide.
The simulated activity of the radionuclides is presented in Table 7.2, while the
plot of relative activity ratios for the simulated/calculated, true/simulated and
true/calculated against the gamma-ray energy is represented in Figure 7.8. As can
be seen, the minimum deviation of the simulated activity from the true activity is
5.59 % while the maximum deviation is 14.65 %, indicating an improvement with
the simulated results when compared to experimental activity. This improved
activity is due to the consideration of the correction factor, CFwall, in Equation 6.2,
being the attenuation by the drum wall in the MCNP model and that shows the
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capability of modelling in estimating some complex measurement scenarios, and
so a suitable technique for the modelling of radioactive waste drum. The highest
uncertainties observed in 133Ba and 22Na at 80.99 and 1274.5 keV respectively keV
are as a result of non-axial positions of the sources with the detector central axis.
Both sources are 20 cm away on either sides of the detector central axis.
Table 7.2: Comparison between the true activity (source activity after decay
corrections) and simulated activity of radionuclides used.
Radionuclides Energy True Activity Simulated Deviation
Reference (keV) (kBq) Activity (kBq) (%)
133Ba 80.99 748 ± 27 638.39 ± 28.48 14.65
137Cs 661.67 453 ± 21 414.36 ± 18.01 8.53
22Na 1274.47 115 ± 11 100.90 ± 10.67 12.26
60Co 1332.50 247 ± 16 229.13 ± 16.72 7.23
60Co 1332.50 247 ± 16 233.20 ± 19.12 5.59
The result showed that the use of computational technique o ered an accept-
able alternative method of activity calculation in radioactive waste assay especially
for the waste configurations where experimental determination of some parameters
such as attenuation correction factor is not readily achievable. A comparison of
simulated and calculated to the true activity values shown in Figure 7.8 indicates
a good agreement between the simulated/calculated activities as well as between
true/simulated and true/calculated activities.
Figure 7.8: Relative activity ratio for the simulated, calculated and true values
of source activity used for the measurements.
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7.3 Experimental Results of Segmented Gamma Scanning
of the Waste Drum
The results of the segmented gamma scanning of the waste drum for (a) a point
source, (b) two point sources, and (c) an extended source are presented in this
section.
7.3.1 Point Source Reconstruction
By combining both the radial and vertical count rates from the point source mea-
surement, the gamma emission tomography image was reconstructed for the seg-
ment of interest using a filtered back-projection technique and smoothed using
intensity transformation and linear interpolation as shown in Figure 7.9a.
(a) (b)
Figure 7.9: Count rate distributions of a 60Co point source in air from a
standard drum. (a) Tomography image reconstruction of the vertical and radial
planes (b) Point Spread Function (PSF) for the count rates for radial plane.
The X-Y position of the point source based on the reconstructed image with
FBP was calculated. The radial and vertical position (X,Y), of the 60Co point
source calculated from the reconstructed image in Figure 7.9a was given as (X,Y)
= (39.9 ± 1.9, 39.7 ± 1.9) (cm), while the real (X,Y) position of the point source
was (40 ± 1, 40 ± 1) cm. Figure 7.9b shows the point spread function of the count
rate distribution for the radial slice from the segment of interest. The maximum
count rate on the point spread function plot occurred at 40 cm.
In a similar way, by combining both the angular and vertical count rates, the
gamma emission tomography image was reconstructed at the segment of interest
using a filtered back-projection technique and smoothed using intensity transfor-
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mation and linear interpolation as illustrated in Figure 7.10a. From the recon-
structed image, the ◊, Y, position of the point source was estimated. The angular
and vertical positions (◊, Y), of the 60Co point source estimated from the recon-
structed image in Figure 7.10b is given as (◊, Y) = (179.8 ± 2.5¶, 39.7 ± 2.1 cm),
while the real (◊, Y) position of the point source is (180 ± 2¶, 40 ± 1 cm). The
estimated ◊-Y position of the 60Co point source as illustrated in Figure 7.10a
represents the location of the ‘hotspot’ inside the waste drum. Notably, the max-
imum of the count rate for the ‘hotspot’ occurred at a drum rotation angle, ◊,
corresponding to the closest distance between the detector and the radioactive
source (hotspot). There is a possibility of a second smaller peak known as the
mirror peak when the point source appeared again in the field of view of the
collimated detector after a half rotation during the angular scan, however, this
reconstruction considers the major full energy peak for the location of the actual
hotspot.
(a) (b)
Figure 7.10: Angular dependent count rate distributions of 60Co point source (a)
Image reconstruction of the vertical and angular plane (b) Point Spread
Function (PSF) of the angular count rates.
Figure 7.10b shows the angular count rate distribution of the point spread
function. The maximum count rate on the point spread function plot occurred
at the rotational angle, ◊ = 180¶ being the closest angle to the source with the
maximum count rates.
7.3.2 Reconstruction of Two Point Sources
The measurements taken for the two point sources are (a) two point sources at
the same height inside the drum but placed opposite sides of drum vertical axis,
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and (b) two point sources at di erent height inside the drum but placed opposite
sides of the drum vertical axis..
Two Point Sources at the Same Height inside the Drum
By the combination of the vertical and radial count rates from two point sources
on the same drum axis, the projections were reconstructed using filtered back
projection and the reconstructed image smoothed as illustrated in Figure 7.11a.
(a) (b)
Figure 7.11: Count rate distributions of two 137Cs point sources in air from a
standard drum. (a) Tomography image reconstruction of the vertical and radial
planes (b) Count rate distribution on the radial plane of the segments of interest
with FWHM of 125 ± 6 mm and 170 ± 8 mm for peaks SA and SB respectively.
The radial and vertical positions (X,Y), for SA calculated from the recon-
structed image as seen in Figure 7.11a were given as (X, Y) = (18 ± 2, 57 ± 4)
(cm), while the real position (X,Y) of the point source was (20 ± 1, 60 ± 1) cm.
The radial and vertical positions (X,Y), for SB calculated from the reconstructed
image as shown in Figure 7.11a were given as (X, Y) = (49.2±1.8, 57.9±2.2) (cm),
while the real position (X,Y) of the point source was (50 ± 1, 60 ± 1) cm. The per-
centage di erence in the intensity of the count rate of SA from SB as shown in
Figure 7.11a is estimated as 8.26 %. This di erence in intensity is largely due to
(a) di erence in activity, calculated earlier as 3.05 % and (b) displacement di er-
ence of the two sources from the detector collimator surface, obtained previously
as 5.57 %. The addition of these two percentage values is approximately the same
as the percentage di erence estimated from the reconstructed images. The count
rate distribution demonstrated in Figure 7.11b clearly showed that the radial posi-
tion of SA is 20 cm while the radial position of SB is 50 cm. The percentage ratio
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in count rate amplitude of SA to SB is estimated as 8.27 %, which is closely related
to the figure obtained earlier. This percentage ratio in amplitude results from the
percentage ratio of both sources activities and displacement of the sources to the
detector collimator surface. This observation shows the e ectiveness of the system
in localisation of hotspots of variable intensities or amplitudes as represented in
Figure 7.11.
In a similar manner, by using both the vertical and angular count rates, the
gamma emission tomography image was reconstructed at the segment of inter-
est using filtered back-projection techniques and smoothed as illustrated in Fig-
ure 7.12a. From the reconstructed image, the ◊-Y positions of the point sources
were estimated. The angular and vertical positions (◊A, YA), of SA estimated
from the reconstructed image in Figure 7.11a were given as (◊A, YA) = (83.6 ±
2.5¶, 59.3±1.9 cm), while the real (◊A, YA) position of the point source was (84±2¶,
60 ± 1 cm). For the SB, the angular and vertical position (◊B, YB) obtained from
the reconstructed image was given as (◊B, YB) = (263.9 ± 5.1¶, 59.9 ± 1.9 cm), while
the actual position of SB was (264 ± 5¶, 60 ± 1 cm). These estimated ◊ -Y posi-
tions of the two 137Cs point sources are representations of the locations of the
(a) (b)
Figure 7.12: Angular dependent count rates distributions of two 137Cs point
sources. (a) Image reconstruction of the vertical and angular count rate
distributions. (b) Point Spread Function (PSF) of the angular count rates of the
two sources.
‘hotspot’ inside the waste drum. Remarkably, the maximum of the count rate for
the hotspot occurred at a drum rotation angle, ◊, corresponding to the closest dis-
tance between the detector during drum rotation and the hotspots. This therefore
implies that the maximum of the count rate for SA occurs at a rotating angle, ◊,
of 84 ± 3¶, while the maximum of the count rate for SB occurred at a rotating
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angle, ◊, of 264 ± 5¶ as also shown in Figure 7.12b, which is a plot of the angular
count rate distribution.
Two Point Sources at Di erent Height inside the Drum
The image reconstruction of the two sources requires gating on each of the selected
energy and thereafter, combining them to produce a reconstructed image of the
locations of the radioactive sources. With a combination of the radial and vertical
count rates, a reconstructed image of the gated 80.99 keV using filtered back-
projection technique is presented in Figure 7.13a.
(a) (b)
Figure 7.13: Count rates distributions of 80.99 keV gamma-ray energy of 133Ba
point source in air from a standard drum. (a) Tomography image reconstruction
of the vertical and radial plane (b) Count rate distribution on the radial plane of
the segment of interest.
Implementing the vertical and radial count rates, the X-Y position of the 133Ba
source was estimated from the reconstructed image. The estimated position of
the 133Ba, (X,Y) = (29 ± 2, 79 ± 2) (cm), while the real position is (Xr, Yr) =
(30 ± 1, 80 ± 1) (cm). The count rate distribution on the radial plane of the
segment of interest as shown in Figure 7.14b clearly showed that the 133Ba source
is positioned 30 cm from one radial end of the drum wall and 10 cm o  the drum
radius.
By combining the vertical and angular count rates, a tomography image using
a filtered back-projection technique was reconstructed for the gated 80.99 keV as
shown in Figure 7.14a. The vertical and angular position (◊, Y), of the 133Ba
point source estimated from the reconstructed image in Figure 7.14a was given as
(◊, Y) = (263.9 ± 1.5¶, 79.3 ± 1.6 cm), while the real (◊, Y) position of the point
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source was (264 ± 2¶, 80 ± 3 cm).
The angular count rate distribution of the 133Ba point source on the horizontal
axis is illustrated in Figure 7.14b. The estimated angular position of the sources
was given as 263.8 ± 2.1¶, which lies within 1‡ of the actual source position.
(a) (b)
Figure 7.14: Angular dependent count rate distribution of the 80.99 keV
gamma-ray energy of a 133Ba point source (a) Image reconstruction of the
vertical and angular count rate distribution (b) Angular count rates of the source
plotted against ◊¶.
(a) (b)
Figure 7.15: Radial dependent count rate distributions of 1274.5 keV gamma-ray
energy of 22Na point source in air from a standard drum. (a) Tomography image
reconstruction of the vertical and plane plane (b) Count rate distribution on the
radial plane of the segment of interest.
By combining the radial and vertical count rates, a tomography image of the gated
1274.5 keV was reconstructed using filtered back-projection technique as demon-
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strated in Figure 7.15a. From the reconstructed image, the X-Y position of the
22Na source was calculated. The calculated position showed the location of the
22Na point source was (X,Y) = (49.9±2.1, 39.4±1.2) (cm), while the actual source
position was (X, Y) = (50 ± 1, 40 ± 1) (cm). The count rate distribution plotted
on the radial plane of the segment of interest presented in Figure 7.15b clearly
shows that the 22Na source is on a radial position of 50 cm.
The count rates for the vertical and angular scans were combined for the recon-
struction of the tomography image for the gated 1274.5 keV using filtered back-
projection technique. The reconstructed image shown in Figure 7.16a was used to
calculate the vertical and angular positions of the 22Na source. The vertical and
angular (radial) position (◊, Y), of the 22Na point source estimated from the recon-
structed image in Figure 7.16a was given as (◊, Y) = (71.8 ± 1.6¶, 39.8 ± 1.5 cm),
while the real (◊, Y) position of the point source was (72 ± 2¶, 40 ± 1 cm).
The angular count rate distribution of the 22Na point source on the radial plane is
presented in Figure 7.16b. The estimated angular position of the sources is given
as 71.9 ± 1.1¶, which is within 1‡ of the actual source position.
(a) (b)
Figure 7.16: Angular dependent count rate distribution of 1274.5 keV keV
gamma-ray energy of 22Na point source (a) Image reconstruction of the vertical
and angular count rate distribution (b) Angular count rates of the source plotted
against ◊¶.
The vertical and radial count rates for the 80.99 keV energy peak were re-
spectively combined with the vertical and radial count rates for 1274.5 keV en-
ergy. With the combined data, a tomography image for the two gamma sources
was reconstructed as illustrated in Figure 7.17a. From the reconstructed im-
age, the vertical and radial positions of the 133Ba and 22Na sources within the
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waste drum were estimated. The reconstructed image showed that the radial
and vertical coordinates of 133Ba source was (XBa, YBa) = 29.7 ± 0.9, 79.8 ± 1.8
cm. Similarly, the radial and vertical positions of 22Na source was calculated to
be (XNa, YNa) = 49.9 ± 0.6, 39.9 ± 0.8 cm. These values are within the 1‡ confi-
dence level of the actual position of the sources ((XBa, YBa) = 30 ± 1, 80 ± 1 cm
and (XNa, YNa) = 50 ± 1, 40 ± 1 cm) and show the e ectiveness of the system in
localisation of hotspots inside the drum for sources at di erent vertical heights.
The percentage intensity ratio of the reconstructed image of 22Na to 133Ba was
estimated to be 29.54 % which is relatively higher than the activity ratio for the
two sources. This high variation compared to the activity could be due to high
uncertainty associated with none of the sources on the same vertical height with
the detector.
(a) (b)
Figure 7.17: Radial dependent count rate distributions of 133Ba and 22Na point
sources in air from a standard drum. (a) Tomography image reconstruction of
the vertical and radial plane (b) Count rate distribution on the radial plane of
the segment of interest.
As can be seen from Figure 7.17b, the count rate distribution plotted on the
radial plane for both sources evidently showed that 133Ba and 22Na are respec-
tively 30 cm and 50 cm from one radial end of the drum wall.
For the angular reconstruction of the two sources, the vertical and angular count
rates for the 80.99 keV energy peak were combined with the vertical and an-
gular count rates for 1274.5 keV energy. With the combined data, a tomo-
graphic image for the two gamma sources was reconstructed. From the recon-
structed image, the angular and vertical positions of the 133Ba and 22Na sources
within the waste drum were calculated. The reconstructed image, as seen in Fig-
ure 7.18a shows that the angular and vertical coordinates of 133Ba source were
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(◊Ba, YBa) = 263.7 ± 0.9¶, 79.8 ± 1.2 cm. Similarly, the angular and vertical coor-
dinates of 22Na source were calculated to be (◊Na, YNa) = 71.9 ± 0.6¶, 39.9 ± 0.8 cm.
These values are within the 1‡ confidence level to the actual position of the sources
((◊Ba, YBa) = 264¶, 80 cm and (◊Na, YNa) = 72¶, 40 cm) and show the e ectiveness
of the system in localisation of hotspots of non homogeneous segments of the
drum.
(a) (b)
Figure 7.18: Angular dependent count rate distribution of 133Ba and 22Na point
sources (a) Image reconstruction of the vertical and angular count rates
distribution (b) Angular count rate of the sources plotted against ◊¶.
As can be seen from Figure 7.18b, the angular count rate distribution for both
sources evidently showed that the angular positions of 133Ba and 22Na are respec-
tively 264¶ and 72¶. These values which are in agreement with initial calculations
represent respective angles with maximum count rates for the sources. The per-
centage intensity ratio of the reconstructed image of 22Na to 133Ba was estimated
to be 14.68 % which is within 1‡ of the activity ratio for the two sources.
7.3.3 Reconstruction of the Extended 137Cs Source
The extended 137Cs Source was 15 cm long and 1.5 cm in diameter. The activity
distribution of the source was non uniform.
With the vertical and radial count rates combined, a tomography image of the
source position was reconstructed using filtered back-projection techniques. The
reconstructed image was then smoothed as illustrated in Figure 7.19a. The recon-
structed image distinctly showed the non-uniform distribution of the source with
the intensity at one end being slightly higher than the intensity at the other end.
This is also reflected in the linear plot of the count rate against the drum radial
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plane seen in Figure 7.19b by the non flat nature of the peak, and demonstrates
the e ectiveness of the collimated HPGe detector system for the localisation of a
non-uniform extended source. The percentage activity di erence for the ends of
the non-uniform extended 137Cs source is calculated to be 5.65%.
(a) (b)
Figure 7.19: Count rate distribution of 137Cs extended source inside a standard
drum. (a) Tomography image reconstruction of the vertical and radial plane. (b)
Count rate distribution on the radial plane for the non-uniform extended source.
The calculated position from the reconstructed image showed the location of
137Cs extended source was (Xh, Y) = (32.7 ± 1.1, 59.9 ± 1.2) (cm) for the high
intensity end of the source, while the low intensity end of the source was positioned
at (Xl, Y) = (47.6 ± 1.3, 59.9 ± 1.2) (cm). The di erence between the two ends
of the extended source was estimated to 14.9 ± 1.7 cm, which is within 1‡ of the
actual length of the extended source.
With the vertical and angular count rates combined, a tomography image of
the source position was reconstructed using filtered back-projection techniques
illustrated in Figure 7.20a. The reconstructed image clearly showed the non-
uniform distribution of the source with two hotspots (denoted by H (high intensity)
and L (low intensity)) of variable intensities. The hotspot H represents the end of
the extended sources with high intensity, while the hotspot L is the other end of
the extended source with low intensity. This is reflected in the plot of the angular
count rate against the rotational angle ◊, shown in Figure 7.20b in the form of two
peaks of di erent amplitudes. The peak with higher amplitude represents the end
of the extended source with high intensity which corresponds to the hotspot, H,
while the other peak of low amplitude represent that end of the extended source
with low intensity corresponding to the hotspot L.
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The calculated position from the reconstructed image showed the location of
137Cs extended source was (◊h, Y ) = (83.8 ± 3¶, 60 ± 2 cm) for the hotspot H,
(a) (b)
(c)
Figure 7.20: Angular count rates distribution of 137Cs extended source inside a
standard drum. (a) Tomography image reconstruction of the vertical and
horizontal plane (b) Angular count rate distribution against rotational angle ◊
(c) Smoothed reconstructed image of the extended source.
while the hotspot L was located at (◊l, Y ) = (288±3¶, 60±2 cm). These two angu-
lar positions (83.8±3¶) and (288±3¶) are the closest angles with maximum count
rates to the higher (H) and lower (L) intensity ends of the extended source. Apart
from the two hotspots observed in Figure 7.20a, the entire axial segment of inter-
est is characterised by an extended source distribution with a very low intensity.
This could be attributed to the length and intensity of the source. Implement-
ing a smoothing filter on reconstructed image smoothens the lower intensity areas
and clearly showed two hotspots of non-uniform intensity, as illustrated in Figure
7.20c, which represent the two ends of the extended source.
Chapter 7. BEGe and MCNP Simulation Results 113
7.4 Matrices’ E ect on the Source Activity




Figure 7.21: Comparison of gamma-ray transmission factor as a function of
gamma-ray energy. The fitting was done using polynomial fit function in Matlab
code.
each of the source to detector distances using Equation 6.11 and the results plot-
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ted against the gamma-ray energy as illustrated in Figures 7.21a to 7.21e.
It can be seen that the gamma-ray transmission factor increases with increas-
ing gamma-ray energy in all the matrices and for all the source to detector dis-
tances. The transmission factor for epoxy (having the least density) is the highest
among the matrices. However, the case is di erent for the concrete and PCC with
2.25 gcm≠3 and 1.75 gcm≠3 respectively where the transmission factor for the con-
crete is higher than the PCC. This is due to the variation in elemental composition
for both materials. Significantly, for 241Am (59.54 keV), the transmission factor
for the concrete matrix is zero at source to detector distances above 27 cm and
for PCC at the same energy, the transmission factor is zero for source to detector
distance higher than 37 cm.
(a) (b)
(c) (d)
Figure 7.22: Comparison of gamma-ray transmission factor as a function of
source to detector distance for (a) 241Am (59.54 keV), (b) 152Eu (121.78 keV), (c)
137Cs (661.67 keV) and (d) 60Co (1332.5 keV).
A comparison of the gamma-ray transmission factor for selected gamma-ray
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energy against the source to detector distance is shown in Figure 7.22. It clearly
shows, as would be expected, that the gamma-ray transmission factor decreases
with increase in source to detector distance.
The results showed that the gamma-ray transmission factor depends on the
gamma-ray energy, the elemental composition of the matrix, the density of the
matrix and the source to detector distance. Concrete and PCC, having the highest
densities of 2.25 gcm≠3 and 1.75 gcm≠3 respectively, transmit much lower fractions
of incident gamma-rays than bitumen and polymer matrices.
The results of the computed percentage gamma-ray attenuations are presented in
Tables 7.3 to 7.6.
Table 7.3: Comparison of gamma-ray % attenuation of the four matrices as a
function of source to detector distance for 241Am (59.54 keV).
Source to Matrix % attenuation
detector distance
(cm) Concrete PCC Bitumen Polymer
17 60.65 51.93 29.55 26.62
27 99.88 99.52 93.55 91.50
37 100.00 100.00 99.39 98.99
47 100.00 100.00 99.94 99.89
55 100.00 100.00 100.00 100.00
Table 7.4: Comparison of gamma-ray % attenuation of the four matrices as a
function of source to detector distance for 152Eu (121.78 keV).
Source to Matrix % attenuation
detector distance
(cm) Concrete PCC Bitumen Polymer
17 39.38 39.77 25.74 24.18
27 95.56 95.81 88.59 84.64
37 99.25 99.27 96.77 96.01
47 99.72 99.80 98.85 98.71
55 99.87 99.92 99.20 98.86
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Table 7.5: Comparison of gamma-ray % attenuation of the four matrices as a
function of source to detector distance for 137Cs (661.67 keV).
Source to Matrix % attenuation
detector distance
(cm) Concrete PCC Bitumen Polymer
17 27.54 29.15 18.52 17.28
27 87.20 88.94 72.78 70.22
37 98.23 97.70 90.95 89.30
47 99.54 99.72 97.04 96.14
55 99.88 99.94 98.52 97.95
Table 7.6: Comparison of gamma-ray % attenuation of the four matrices as a
function of source to detector distance for 60Co (1332.5 keV).
Source to Matrix % attenuation
detector distance
(cm) Concrete PCC Bitumen Polymer
17 20.23 21.50 13.27 12.32
27 77.02 79.20 60.60 57.96
37 93.16 94.36 82.05 79.70
47 97.91 98.40 91.51 90.07
55 99.00 99.28 94.60 93.32
As can be seen from the results, there is a strong correlation between % at-
tenuation and source to detector distances in all the matrices. The % attenuation
increases as the source to detector distance increases. This is due to the increase
in the mean free path (MFP) which the gamma-ray had to traverse, thus increas-
ing the probability of the gamma-ray being absorbed by the matrices. There is
100 % attenuation of 241Am (59.54 keV) at 55 cm from the detector. At this
source to detector distance, the gamma-ray traversed through a half of the drum
diameter, and this resulted in complete photoelectric absorption of the gamma-
ray. The implication of this result is that any of the matrices studied are suitable
for attenuation and photoelectric absorption of the 241Am radionuclide located at
the centre of the drum, while also significantly attenuating the same radionuclide
positioned close to the edge of the drum.
An increase in % attenuation is observed more prominently at lower energies
(59.54 and 121.78 keV) due to the dominance of photoelectric absorption at that
energy range. A comparison of the two best matrix performers, concrete and PCC
(50 % epoxy resin (ER) & 50 % concrete (Con)), showed that concrete is a bet-
ter matrix for energies below 100 keV. However, increasing the weight fraction of
concrete changes the attenuation e ect for energies at such range. A variation
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in % change in composition of PCC was found to have less significant e ect on
the attenuation of high gamma-ray energies (> 150 keV), but shows variations in
the energy of 59.54 keV as shown in Figure B.1. Evidently, an attenuation plot
presented in Figure B.2 showed that the highest % attenuation was observed at
weight (wt) fraction 10 wt % ER: 90 wt % Con. This could be attributed to
the fact that 90 % of this particular weight fraction is concrete which has higher
gamma-ray attenuation factor compared to epoxy resin.
Evidently, the findings showed that PCC exhibits strong gamma-ray attenu-
ation compared to other matrices investigated. This material is therefore recom-
mended for use as matrix for activity reduction in radioactive waste drum/con-
tainer.
7.5 Summary of the Experimental Measurements and MCNP
Simulations Results
One of the main objectives of this research is to investigate the e ectiveness of
a BEGe detector in interrogation of radioactive waste drum. The results of the
system e ciency and image reconstruction from segmented gamma scanning mea-
surements give strong credence to the usefulness of BEGe detector in radioac-
tive waste drum interrogation. The e ciency calibration of the counting system
showed that the system e ciency depends among other factors on the source posi-
tions inside the drum. The system e ciency for sources on the same axial position
as the detector decreases at the distance between the source and the detector in-
creases. The FWHM values obtained for peaks SA (137Cs with activity 223 kBq)
and SB (137Cs with activity 230 kBq) are 125 ± 6 mm and 17 ± 8 mm. This poor
resolution could be attributed to the vibrations caused by the movement of the
detector during the drum scanning.
From the image reconstruction of segmented gamma scanning measurements to
estimate the locations of the hotspots, the overall positional image reconstructed
as summarised in Tables 7.7 and 7.8 show the comparisons between the true
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Table 7.7: Comparison of the true source positions to the calculated source
positions for the radial and vertical plane.
Sources True Position Calculated Position
x y x y
(cm) (cm) (cm) (cm)
60Co 40.0 ± 0.5 40.0 ± 0.5 39.9 ± 2.0 39.7 ± 2.0
137Cs 20.0 ± 0.5 60.0 ± 0.5 18.0 ± 2.2 57.0 ± 3.2
137Cs 50.0 ± 0.5 60.0 ± 0.5 49.2 ± 1.8 57.9 ± 2.2
133Ba 30.0 ± 0.5 80.0 ± 0.5 29.0 ± 1.8 79.0 ± 2.0
22Na 50.0 ± 0.5 40.0 ± 0.5 49.9 ± 2.1 39.4 ± 1.2
positions of radioactive sources used for the measurements and the reconstructed
positions. The ability to estimate the positions of radioactive sources at di erent
points inside the drum sources through the reconstructed images clearly indicated
that BEGe detector can e ectively be utilised in localisation of hotspots in ra-
dioactive waste drum through passive interrogation.
Table 7.8: Comparison of the true source positions to the calculated source
positions for the angular and vertical plane.
Sources True Position Calculated Position
◊ y ◊ y
(¶) (cm) (¶) (cm)
60Co 180.0 ± 2.0 40.0 ± 0.5 179.8 ± 2.5 39.7 ± 0.5
137Cs 84.0 ± 2.0 60.0 ± 0.5 83.6 ± 2.5 59.3 ± 2.0
137Cs 264.0 ± 2.0 60.0 ± 0.5 263.9 ± 5.1 59.9 ± 2.0
133Ba 264.0 ± 2.0 80.0 ± 0.5 263.9 ± 1.5 79.3 ± 1.6
22Na 72.0 ± 2.0 40.0 ± 0.5 71.8 ± 1.6 39.8 ± 1.5
The computation of source activity for the counting system is strongly depen-
dent on whether the source is axially located as the detector or non-axially located.
This is because as illustrated earlier, the e ciency of the counting system which
is a main component in calculating activity depends of source distribution inside
the drum. The measurement uncertainty for sources on the same axial position as
the detector is relatively small compared to sources at non axial positions of the
detector.
These experimental results indicate that BEGe detector is suitable for mea-
surement and localisation of hotspots during the radioactive waste characterisation
process. When compared with existing commercial systems (discussed in Section
1.3), the BEGe used for this work showed superior e ciency and good agreement
in terms of FWHM as illustrated in Table 7.9. It can therefore be concluded that
the BEGe system used for this research work was able to agree on hotspot locali-
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sation and quantification of activities with the existing commercial systems.
Table 7.9: Comparison of the BEGe detector responses for radioactive
waste characterisation to existing commercial system.
System Detector type Relative E ciency FWHM at 1332
% keV
G3200-340 Coaxial HPGe 20 -
G3850-340 Coaxial HPGe 50 -
WW2200 Coaxial HPGe 30 1.9
WW2900 Coaxial HPGe 45 2.0
Cavendish Coaxial HPGe - 1.9
This Work BEGe 60 2.19
ú
The dash lines mean that the values were not supplied by the manufacturers.
The MCNP based Monte Carlo simulation developed for the radioactive waste
system counting, comprising a BEGe detector and radioactive waste drum, was
successfully utilised to estimate the absolute system e ciency for axial positions
of radioactive sources. The absolute system e ciency calculated for two source
positions were in excellent agreement (within 10 %) with the experimental calcu-
lated e ciencies.
The MCNP simulation code was further modified for non-axial source positions
and ran to compute the absolute system e ciency. The absolute system e ciency
calculated showed low e ciency for low gamma-ray energy as compared to the
normal e ciency curve. This was basically due to attenuation of low gamma-ray
energies caused by non-axial positioning of the sources.
The good agreement (within 15 %) between the activity calculated using
MCNP simulation values and true values is due to the ability of MCNP to com-
pute, to a reasonable degree of accuracy, the absolute e ciency of the counting
system.
The simulated results presented clearly show that Monte-Carlo simulation is a
very useful technique for modelling of the radioactive waste drum counting system,
especially some complex measurement scenarios. It was found from the study that
MCNP produces very consistent results when compared with the experimental re-
sults. This consistency of the simulated and experimental results indicates that
MCNP is a reliable numerical technique for e ciency and activity calculations for




The limitations of collimated passive gamma-ray detection techniques discussed
in the previous chapter in providing precise and e cient identification and local-
isation of radioactive sources in a waste drum requires alternative techniques for
identifying and localising radioactive materials. The passive gamma-ray detection
technique relies on a mechanical collimator system with a high degree of positional
information. However, this introduces complex correction factors (such as geome-
try correction factor) into the technique. An alternative technique for localisation
of hotspots studied in this work is to use a Compton camera. The Compton cam-
era operates on the principle of electronic collimation enabling more gamma-rays
to be incident upon the detector, thus increasing the amount of data for analysis
due to an increase in detector sensitivity. This increase in the amount of data for
analysis increases the quality of the reconstructed image. The Compton camera
is designed to identify and track the radioactive material using the kinematics of
Compton scattering. The Compton camera has proven to be an e ective imaging
device for a gamma-ray energy range of 140 keV to 10 MeV and can be utilised to
image separately, the energy of mixed gamma-ray sources, [83, 19]. This is due to
its large field of view, increased e ciency and good background suppression. For
large volume radioactive waste characterisation, a Compton camera can e ectively
be applied in identifying hotspots in waste drums which can be safely removed
[59]. This will allow the remaining waste to be disposed as low level waste.
This chapter will describe the measurements taken with the Compton camera
imager along with providing information on image reconstruction and the useful-
ness of Compton camera for identification and localisation of radioactive materials.
Two 137Cs point sources inside the waste drum with the same separation distance
as in the BEGe measurement, as described in Section 6.6.2.1, were imaged and
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the results presented in this chapter. With known literatures [114, 79], the Comp-
ton camera is proven to be a better alternative to mechanical collimated systems
for localisation of radioactive materials in three-dimension without the need for a
complex rotational system and this is also investigated in this chapter.
8.1 The Gamma-Ray Imager Compton Camera
The Gamma-Ray Imager plus (GRI+) is a three-tiered Compton camera de-
signed at the Nuclear Physics Research Laboratory, (Precision Radiometrics In-
strumentation Development and Education (PRIDE) laboratory) within the De-
partment of Physics at the University of Liverpool. The system comprises a cir-
cular orthogonal-strip lithium-drifted silicon Si(Li) detector as the scatterer, a
cuboid orthogonal-strip HPGe detector as the absorber and a coaxial HPGe de-
tector. All three detectors were manufactured by Mirion Technologies and each
held in separate aluminium cryostats. Silicon was the choice for the scatterer be-
cause of its high energy resolution (though, not as good as germanium) and small
Doppler broadening compared to other detectors. The choice of germanium as
absorber was due to its large linear attenuation coe cient at the energy range
of interest. The coaxial detector is included to boost the e ciency of the GRI+
system for the imaging of high energy gamma-ray sources at industrial sites.
8.1.1 System Geometry
The scatterer was a cylindrical double-sided silicon detector (DSSD) with diameter
of 71 mm and 8 mm thick producing an active area of 3500 mm2. There was a 2.5
mm guard ring surrounding the circumference of the active volume to uniformly
maintain the electric field at the active volume edge. Position-sensitivity of the
detector was achieved by electronically segmenting the active volume of the crystal
into 13 strips on the AC side (p type) and 13 orthogonal strips on the DC side (n
type) producing 169 voxels [43]. The strip layout is shown in Figure 8.1.
As can be seen in Figure 8.1, each strip varied in length due to the circular
geometry of the crystal but had a width (pitch) of 5 mm and inter-strip separation
of 500 µm that provided position of interaction information. This strip pitch and
thickness resulted in a voxel size of 5 ◊ 5 ◊ 8 mm3 for each interaction position.
Each strip was connected to a charge-sensitive preamplifier with a cold FET (Field
E ect Transistor) configuration which provided a gain of 300 mV/MeV in the 26
output channels [14].
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Figure 8.1: Illustration of the Si(Li) detector showing its dimensions.
The Si(Li) detector can be operated at room temperature but a Mirion Cryo-
Pulse 5 electrical cooler [20] is used to maintained the temperature at 81 K so as
to reduce any leakage currents and thermal excitations. A depletion bias voltage
was required for the detector of +150 V but the detector was biased to +430 V
applied to the AC face while the DC side is grounded. Electrons migrated to the
AC face while holes were collected at the DC face.
The absorber detector was a planar HPGe detector also manufactured by
Mirion Technologies and had dimensions of 75 mm ◊ 75 mm ◊ 20 mm with an
active volume of 60 mm ◊ 60 mm ◊ 20 mm. A 3.5 mm guard ring surrounded the
active volume of the HPGe detector and the entrance windows to the crystal were
0.8 mm thick. The detector was segmented into 12 AC (p-type) and 12 DC (n-
type) strips, each with a strip pitch of 5 mm as shown schematically in Figure 8.2,
resulting in a voxel size of 5 ◊ 5 ◊ 20 mm3 for each interaction position. Each
strip was connected to a warm FET charge-sensitive preamplifier that processed
the energy information provided by the interactions [13]. This preamplifier pro-
vided a gain of 200 mV for a 1 MeV energy deposit. The depletion voltage of
the detector crystal was -1300 V and was operated at -1800 V applied to the AC
face, allowing electrons to be collected at the DC face and holes to be collected
at the AC face. The crystal was electrically cooled to a temperature of 81 K by a










Figure 8.2: Illustration of the HPGe detector showing its dimensions.
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The coaxial detector, manufactured by Mirion Technologies, was a standard
electrode germanium detector (SEGe) which had a diameter of 66.5 mm and length
of 50 mm. This coaxial detector of p-type comprised a germanium cylinder with
an n-type contact on the outer surface and a p-type contact on the surface of an
axial well [76]. The detector operated with a bias voltage of +3000 V applied to
the crystal, which was above the depletion voltage of +2500 V. The detector was
cryogenically maintained at 81 K using a CryoPulse CP5 cooler. A custom-built
detector frame allowed the distance of the coaxial detector from the back of the
absorber cryostat to be varied. The addition of this detector in the GRI+ system
was basically for a planned industrial high gamma-ray energy measurement and,
was not used during data acquisition for this work.
The HPGe and Si(Li) crystals were housed in an aluminium cryostat of dimen-
sions 330 mm ◊ 330 mm ◊ 50 mm and were 15 mm apart. The coaxial crystal was
aligned centrally to the absorber and was positioned very close to the back of the
absorber’s cryostat with extra care taken to protect the delicate entrance windows.
Recording significant events for image reconstruction entailed an interaction in
the scatterer detector, and subsequent absorption by the absorber detector. The
maximum scattering angle permissible in the Si(Li) detector for such significant
events to be achieved largely depended on the separation between the two detector
cryostats and the source to absorber detector distance. The Si(Li) cryostat was
positioned so that the DC strips were vertical and the AC strips horizontal, while
the DC strips for the HPGe were horizontal and the AC strips vertical.
The three detectors together with the associated power, cooling and data acqui-
sition systems were mounted in a mobile cart for flexibility in taking measurements
at di erent points in the laboratory or outside the laboratory. The cryostats were
placed in such a position that the three crystals were centrally aligned in accor-
dance with the manufacturer specifications. The Si(Li) and HPGe detectors had
their AC sides towards the front of the cart. The coaxial detector was placed 2
mm behind the HPGe cryostat.
8.1.2 Data Acquisition System
The digital electronics for data acquisition used together with the detectors were
CAEN V1724 digitiser cards, a gain and o set (GO) box and a V1495 global
clock card as shown schematically in Figure 8.3. The digital electronics allowed
for the storage of preamplifier pulses from the detectors and which were then
processed o ine. In the GRI data acquisition system, a gain and o set (GO)
box was utilised to amplify voltage signals from the preamplifiers by a factor of
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5. This amplification was to exploit the full dynamic range (2.25 V) available on
the CAEN V1724 card. CAEN V1724 cards were a set of six bit digitiser cards
[12], each with eight channels, providing 48 channels of electronics in total, used
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Figure 8.3: Schematic of GRI+ data acquisition system used in this work.
The output signals from the preamplifier of the three detectors were split be-
tween the six digitisers, with the first three taking up signals from the scatterer and
coaxial detectors whilst signals from the absorber detector went into the remain-
ing three. Each channel was processed and controlled individually, with moving
window deconvolution (MWD) [34], trigger levels and other settings programmed
into the V1724 digitisers.
The system was triggered when the CAEN V1724 digitiser retrieved pulses
from the preamplifier at a rate of 100MHz (10 ns) with 14 bit resolution and fed
to the V1495 trigger logic card. The trigger output signals from each of the six
V1724 channels were fed into one of the 6 channels of a V1495 digital logic clock.
This card was programmed to validate and write-out any event that meet the
criteria specified by the user. Data could be written out from all the channels in-
cluding a single channel of the coaxial detector, or only the channels which trigger
the system. Signal outputs from V1724 that matched user criteria were transferred
to a computer using a CAEN V2718 VME to PCI Optical Link Bridge for data
reprocessing by the Multi-Instance Data Acquisition System (MIDAS) [81] soft-
ware at a later time. For data acquisition with the digitisers, all the strips could
not be connected because the V1724 could only provide 48 channels. A previous
characterisation of Si(Li) detector [43] showed that strip DC01 was not active,
and thus was not used. In addition, strips AC13 and DC13 were also not used
as their loss would not significantly a ect the performance due to their relatively
small size and location at the edge of the detector.
The trigger could either be in single or coincidence modes depending on the
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requirements of the experiments. For the singles mode, triggering occurred for
an interaction in either the scatterer or absorber detectors exceeding the digital
Constant Fraction Discriminator (CFD) threshold on any strip, as monitored by
the V1495 card. For the coincidence mode, two assumptions for triggers to occur
were (a) that the gamma-ray underwent Compton interactions first in the scatterer
detector before undergoing photoelectric absorption in the absorber detector (b)
true events would arise from interactions in both detectors which happened within
a time span known as the ‘coincidence window’. Compton camera measurements
required that interactions occurred in both detectors [88] and as such coincidence
mode was utilised in this work. The coincidence window was set to 325 ns to
maximise event rate whilst minimising false coincidences.
The coaxial detector was not utilised in triggering as the information required
for reconstruction of the Compton cone were obtained from the interactions in both
scatterer and absorber detectors. The detector helps to improve the e ciency of
the system, mostly at the high gamma-ray energies.
8.1.3 Digital Signal Processing
For the image reconstruction of the gamma-ray source, the output signals from
the system detector preamplifiers were digitised, analysed and formatted into a
text file to be input into an image reconstruction algorithm. The MWD [34]
algorithm calculated the pulse height from each gamma-ray interaction in the
detectors. The process started by removing the long decay tail from the digitised
preamplifier signal to obtain a step function that preserved the pulse height. The
resulting signal was then di erentiated to produce a square pulse, and by applying
a moving averaging window, a trapezoidal signal with reduced noise and a height
proportional to the energy deposited in the detectors was obtained.
8.2 GRI+ imaging of a Radioactive Waste Drum
The Compton camera imaging of a radioactive waste drum is required to distin-
guish radionuclides by their energies, intensities and locations. Localisation of
hotspots in a waste drum is very crucial in waste management as the information
obtained will be vital in waste classification and possibly, choice of storage meth-
ods which have a cost implication.
With the detectors and associated electronics system mounted in a cart, a
500 litre standard waste drum, as presented in Figure A.3 of Appendix A.1, was
positioned 20 cm away from the face of the scatterer cryostat. The drum was
positioned in such a way to have the central axis aligned with the centre of the
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scatterer crystal. However, the size of the drum and its position on the trolley
made it di cult getting the central axis of the detectors to align with the central
axis of the drum and may have introduced positional error on the locations of the
radioactive sources.
Figure 8.4: Schematic of the GRI+ imaging system positioned 20 cm from a 500
litres standard stainless steel radioactive waste drum.
Considering a Compton camera system for radioactive waste imaging shown
in Figure 8.4, consisting of two DSSDs, the element closest to the gamma-ray
sources inside the drum is regarded as the scatterer whilst the one behind the
scatterer is designated as the absorber. A sequence of gamma-ray interactions
within these detectors is referred to as events. This sequence of events leading
to the computation of the Compton scattering angle, ◊, involves a proportion
of the incident gamma-rays undergoing Compton scatter within the scatterer and
subsequently, a proportion of these scattered gamma-rays experience photoelectric
absorption within the absorber. With the energy of the incident gamma-ray, E“,
given as the addition of the energy deposited in the scatterer, E1, and the energy
deposited in the absorber, E2, the Compton scatter angle ◊ as shown in Equation
8.1, can be calculated by rearranging the Compton scattering equation, Equation
3.4




≠ 1E1 + E2
R
b. (8.1)
The radioactive source position is therefore located somewhere at an angle, ◊,
from the interaction point in the scatterer. Given that the direction of the inci-
dent gamma-ray is not known the radioactive source could probably be anywhere
on the cone’s surface subtending a semi-angle ◊. A number of cones will be gener-
ated by multiple events and an image is produced by taking a slice perpendicular
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to the z-axis. The location of the source is identified as the region with most cone
overlaps and high intensity.
The ability of the GRI+ system to identify radioactive source locations and
their relative intensities inside a standard stainless steel waste drum was inves-
tigated using two 137Cs sources of di erent positions and activities represented
by S1 and S2. These sources, S1 and S2 of activity 230 kBq and 223 kBq re-
spectively, were placed 10 cm and 20 cm respectively to either side of the drum’s
central axis along the z-direction as shown in Figure 8.5. This made the distance
of separation of the two sources as 30 cm and the activity percentage di erence
1.54 %. The drum trolley was adjusted such that these sources were 60 cm high
from the bottom of the drum. As there was di culty encountered in aligning the
drum central axis to the centre of the detectors, this will impose an uncertainty
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Figure 8.5: Plan view of two 137Cs sources inside a radioactive waste drum
relative to the front of the detectors.
Data were acquired for 12 days. This long time of data of acquisition is due to
the low level activity of the radioactive sources, their distances from the scatterer
detector and the attenuation e ects on the gamma-rays by the stainless steel drum
wall whose thickness is 7 mm. The length of time was required to collect enough
events for image reconstruction. These events collected are classified based on the
number of channels in which the charge was registered. The number of channels
on a detector face upon which the real charge was registered is called the fold.
Therefore, coincidence data from 2-tier events can be represented by F(1,1,1,1,n)
where the first four numbers represent the scatterer AC, the scatterer DC, the
absorber AC, and the absorber DC. n represents events from the coaxial detector.
Figure 8.6 is a spectrum of a coincidence data taken by the GRI+ for two 137Cs
point sources depositing energy in F(1,1,1,1,0) events.
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Figure 8.6: Energy spectrum from imaging two 137Cs sources in a radioactive
waste drum for coincidence two-tier F(1,1,1,1,0).
8.3 Image Reconstruction
Two forms of image reconstructions in Compton camera are analytical and itera-
tive. The image reconstruction technique utilised in this work was the analytical
filtered back projection algorithm. In the analytical algorithm, a back projection
is generated using Compton kinematics as described by Equation 8.1. The analyt-
ical image reconstruction algorithm developed at the University of Liverpool [50]
uses energy and position data to back project a Compton cone into imaging space
for each event. The cones, as seen in Figure 8.7, begin in the scatterer detector
and are projected outwards onto x-y planes, known as slices. The geometry of each



















Figure 8.7: Illustration of Compton imaging of two sources.
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system for the image projection is such that the centre of the Si(Li) crystal served
as the origin of the horizontal (x) and vertical (y) axes, whilst the back of the
absorber crystal was relative to the z-position. This coordinate setting, therefore,
requires the knowledge of the separation of the detector cryostats and the posi-
tion of detector crystals within the aluminium casings and any adjustment on the
separation will have impact on the reconstructed image.
Three cones in principle are su cient to reconstruct the image of the point
sources. However, due to uncertainties in measurement and the incomplete absorp-
tion of gamma-rays, a relatively large number of reconstructed cones are required
for accurate localisation of the sources as illustrated in Figure 8.8.
(a) (b)
(c) (d)
Figure 8.8: Localisation of point sources through cone overlap (a) reconstruction
of 5 cones, (b) reconstruction of 50 cones, (a) reconstruction of 1000 cones, and
(a) reconstruction of 20000 cones.
It can be seen from the Figure 8.8 that the number of overlaps increases with
the number of reconstructed cones. This clearly enhances the probability of local-
ising the point sources.
Chapter 8. Compton Camera Measurement and Results 130
A multiple number of reconstructed cones projected onto a two dimensional
imaging slice (plane) produces a cone overlap intensity map or reconstructed im-
age as represented in Figure 8.9a. The image produced in Figure 8.9a indicates
that both sources are distributed across a wider area, and this distribution is at-
tributed to the increase in number of back scatter events as a result of low energy
threshold in both the scatterer and absorber. By applying an energy gate, as
represented in Table 8.1, events were selected by removing the influence of the
Compton continuum and back scattered events, thus enabling the formation of
clearer image as illustrated in Figure 8.9b. The energy gating comes with reduced
number of events available for reconstruction as illustrated in Table 8.1, where the
41725 events used for energy gating 656 to 668 keV represents 3.6% of the events
for the energy gating 0 to 2000 keV.
(a) (b)
(c) (d)
Figure 8.9: Reconstructed image slice with compression factor = 1 and the slice
through Z = 421. (a) No energy gate applied (b) Energy gate of 656 keV to 668
keV is applied. (c) and (d) are FWHM fitted from the row and column
respectively, with the maximum number of Compton overlaps.
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The image, reconstructed by gating on the 661.67 keV photopeak of the two
137Cs sources, clearly shows that the sources were well separated. The image also
shows unequal intensities for the two sources. This is an indication that the source
activity on the left is greater than the source activity on the right.
Table 8.1: The e ect of an energy gate on the number of events available for
image reconstruction.
Energy Gate (keV) Number of Events Ran % of original Events
0 to 2000 1068204 100.0
0 to 1000 1055466 98.8
100 to 2000 1022941 95.8
500 to 1000 158909 14.9
600 to 800 70275 6.6
656 to 668 41725 3.9
To obtain a high quality image, the following options can be adjusted by the
user when running the Compton imaging algorithm:
• Energy gate for the radioactive sources. The energy gate for the 137Cs source
was 656 keV to 668 keV.
• Image space size onto which the cones are projected. For all reconstructions
in this work, an 800 ◊ 800 mm2 image space size was used.
• Image space compression: this is the number of millimetres per pixel in the
reconstructed image.
• The number of events from the imaging file to be run. This number of events
varied with each reconstruction.
• Points per degree: this represents the number of points to be drawn per
angular degree of cone. The number of points per degree used was 3.
The quality of the reconstructed image can be checked by cutting through the
X axis at the maximum number of conic overlaps, the FWHM of the image can
then be produced as shown in Figure 8.9c. Carrying out a fit using Lorentzian and
Gaussian functions, the FWHM measurement parameters utilised in assessing the
image quality are obtained and presented in Table 8.2.
As can be clearly seen from Figure 8.9c, the two photopeaks are well sepa-
rated, showing the ability of the GRI+ to distinguish radioactive sources at dif-
ferent points. The distance of separation was estimated to be 283.6 ± 5.9 mm,
a percentage di erence of 5.47 % between the reconstructed positions of the two
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sources to the actual positions of the two sources. For peak S1, the reconstructed
image position was 342.2 ± 3.1 mm, while the actual position was 300.0 ± 1.1 mm,
a percentage di erence of 14.1 %. For peak S2, the reconstructed image position
was 625.8 ± 5.1 mm whilst, the actual source position was 600.0 ± 1.4 mm, being
a percentage di erence of 4.3 %. This disparity between the actual position and
reconstructed position could be attributed to the di culty in aligning the drum
central axis to the centre of the scatterer detector. Moreover, the distances of both
sources from the scatterer cryostat are not the same. While peak S1 is approxi-
mately 608.3 mm from the face of scatterer, peak S2 is 632.5 mm from the same
point, making a percentage di erence of 1.96 %. As shown in Table 8.2, peak S1
amplitude is greater than that of peak S2 with percentage ratio of 68.5 %. For
the same
Table 8.2: Fit parameters for the image reconstruction. Row selected = 421,
compression factor = 1 and the number of events ran = 41725.
Fitting Parameters Peak S1 Error Peak S2 Error
FWHM (mm) 69.47 1.50 74.98 2.77
FWHM (degrees) 6.74 0.15 7.27 0.15
Amplitude (mm) 20684.00 542.40 14162.00 693.10
Position (mm) 342.20 3.04 625.80 5.05
reason as stated above, the variation in amplitude intensities for the two sources
is a combination of two factors such as non uniform activities and di erence in
source to scatterer detector for the two sources.
Figure 8.9d shows the FWHM of the reconstructed image by cutting through the
Y axis at the maximum number of overlaps for each of the sources.
The attenuation of the gamma-ray by the drum wall and the relatively high
source to detector distance results in reduction in the number of cones overlaping
for image reconstruction. The statistical noise seen on the FWHM of the image
reconstruction for X and Y slices (see figs. 8.9c and 8.9d) is an indication of these
e ects on the quality of the reconstructed image. By increasing the compression
factor to 2, clearly reconstructed and fitted images were obtained as illustrated
in Figure 8.10. However, there was a large uncertainty on the location of sources
positions and the FWHM parameters as presented in Table 8.3. Further increase
of the compression factor to 3, produced a sharper reconstructed image (see Figure
8.11), but the uncertainty on the sources position increased with more deviations
of the reconstructed positions from the actual positions as illustrated in Table 8.4.
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(a)
(b) (c)
Figure 8.10: Reconstructed image slice generated from the analytical image
reconstruction algorithm. (a) with compression factor = 2 mm. (b) and (c) are
cross sections through X and Y axis respectively, showing the Lorentzian and
Gaussian fits to the data.
From the comparison of the compression factors, it could be seen that increas-
ing the compression results in clearer and sharper reconstructed image. The im-
age quality can therefore be improved by increasing the image compression factor.
However, this imposes an uncertainty in determining the position of the source.
Table 8.3: Fit parameters for the image reconstruction. Row selected = 408,
compression factor = 2 and the number of events run = 41725.
Fitting Parameters Peak S1 Error Peak S2 Error
FWHM (mm) 65.48 0.98 73.70 1.41
FWHM (degrees) 6.35 0.10 7.15 0.10
Amplitude (mm) 28682.00 558.20 22451.00 555.40
Position (mm) 375.00 9.22 514.90 14.01
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(a)
(b) (c)
Figure 8.11: Reconstructed image slice generated from the analytical image
reconstruction algorithm. (a) with compression factor = 3 mm. (b) and (c) are
cross sections through X and Y axis respectively, showing the Lorentzian and
Gaussian fits to the data.
Table 8.4: Fit parameters for the image reconstruction. Row selected = 408,
compression factor = 3 and the number of events run = 41725.
Fitting Parameters Peak S1 Error Peak S2 Error
FWHM (mm) 68.63 0.74 72.04 1.07
FWHM (degrees) 6.66 0.07 6.99 0.07
Amplitude (mm) 34993.00 436.10 26982.00 470.70
Position (mm) 383.6 5.43 476.60 7.51
Compared to iterative image reconstruction techniques shown in Figure 8.12,
analytical image reconstruction, of the same compression factor (see Figure 8.9b),
produced poorer quality images due to a number of artefacts from conic projec-
tions being retained by the simple back projection. However, analytical image
reconstruction is computationally e cient allowing fast reconstruction of the im-
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age. The time for the image reconstruction of a typical analytical reconstruction
algorithm is illustrated in Figure 8.13.
Figure 8.12: Image reconstruction for 41275 events using iterative image
reconstruction with compression factor of 1.
From the Figure 8.13, an average time taken for the reconstruction of 41725
being the number of the events for the energy gate utilised in all reconstructions
done in this work, as illustrated in Table 8.1, is approximately 0.67 seconds for
analytical and 0.86 seconds for iterative.
Figure 8.13: Typical time taken to reconstruct number of events using the
analytical and iterative reconstruction algorithms.
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8.4 Image Filtering
One possible remedy to the poor image resolution of the analytical reconstruction
algorithm is the use of image filtering. As discussed in Section 3.6.2.2, one of
the basic functions of image filtering is to reduce star artefacts in reconstructed
images. One such filter is the high pass filter (HPF), which removes the low-
frequency component of the reconstructed images. To improve the resolution of
the reconstructed images, a high pass filter was applied to the experimental data.
One important parameter to be carefully considered when applying a high pass
filter is the cut-o  frequency, which measures the extent of influence the high pass
filter exerts on the image noise and resolution. A wrong optimisation of the cut-
o  frequency could therefore lead to formation of ringing artefacts in the image
slice. An illustration of the improvement of resolution by the high pass filter on a
reconstructed image is presented in Figure 8.14.
(a) (b)
Figure 8.14: Reconstructed images generated by the analytical algorithm. (a) No
filter applied (b) the application of high-pass filter with a cut-o  frequency of 25
Hz.
The intensities of the cross section through X and Y slices of the filtered image
are shown in Figure 8.15.
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(a) (b)
Figure 8.15: Intensity profiles for the filtered image (a) X slice (b) Y slice.
It can be seen that the high-pass filter improves the resolution of the recon-
structed images.
8.5 Uncertainties in Compton Cameras
The three main contributors to the uncertainties in the images produced by a
Compton camera are the energy resolution of the detectors utilised, detector spa-
tial resolution and the Doppler broadening in the Compton energy spectrum of
scatterer detector.
Computation of the scattering angle, ◊, of the gamma-ray depends on the en-
ergy resolution of the detector as energy deposited in the detectors is utilised in
estimating the value of ◊. It therefore reflects that any uncertainties in E1 and
E2 due to poor energy resolution will be propagated through Equation 8.1 into
uncertainty in determining the value of ◊ as shown in Equation 8.2.
‡2◊.E =
mec2
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The resulting image with this angle will have greater uncertainty. For identifica-
tion or localisation of radioactive sources in a waste drum, which this work intends
to investigate, the detector performance requirements of high energy resolution for
the scatterer and absorber detectors limit the choice of detector material selection
to silicon and germanium detectors, for which energy resolutions of 2.1 and 1.9
keV FWHM, respectively, were measured for a 662 keV photopeak [105].
The assumption in Equation 8.1 that the atomic scattering electron is station-
ary or unbound is another major contribution to uncertainty in ◊. In reality, the
atomic scattering electron is bound to an atom and moves round the nucleus in an
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orbital with a finite momentum [65]. The equation that accounts for the energy
and momentum of the electron is given by Equation 8.3 [73].
pz = ≠mec
E0 ≠ E1 ≠ E0E1(1 ≠ cos◊)/mc2Ò
E20 + E21 ≠ 2E0E0cos◊
. (8.3)
where pz is the momentum of the electron before the collision, E0 is the initial
gamma-ray energy, E1 is the scatter energy and me is the electron mass.
This momentum will impose an uncertainty, whose magnitude is presented in
Equation 8.4 on the measurement of the energy deposited as the kinetic energy of
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This e ect had been shown to contribute significantly to the angular uncertainty
of a Compton camera [97, 63], especially at low gamma-ray energies [86]. The
e ect of Doppler broadening on the angular resolution could be minimised by us-
ing a low Z material as the scatterer detector. This e ect, however, decreases
with increasing gamma-ray energy and at the gamma-ray energy of 662 keV being
studied for this work, the e ect is considered negligible in the analysis [65].
Another source of uncertainty to the cone projection is the detector spatial
resolution which in e ect is determined by its geometry. Spatial resolution of the
interaction points within the detectors is important to the location of cone axis.
In the case of the segmented detector used in the work, the size of the charge cloud
produced by the interactions, whether completely contained in a single voxel or
spread across several voxels, determines the fundamental limit of the spatial res-
olution. Thus, this voxel size imposes an uncertainty (see Equation 8.5) on the
interaction point which a ects the angular resolution. The consequences of these
uncertainties is the overlapping of the Compton cones over a large volume of imag-
ing space resulting in the reconstructed image occupying larger space compared
to the space occupied by the sources. The spatial resolution of an interaction
point could be improved by using highly segmented detectors for both scatterer




{(L21 + L22) + tan2◊( z21 +  z22)}. (8.5)
Where L1 is the distance of the source from the interaction position in the scat-
terer detector, L2 is the distance between the interaction positions in the scatterer
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and absorber detectors,  z is the resolution vector and ◊ is the scattering an-
gle. The scatterer and absorber detectors utilised in this work had been shown to
meet these requirements for the energy and spatial resolutions as both are made
of DSSD silicon and DSSD germanium, capable for the Compton camera applica-
tions [43].
The uncertainty in the Compton scattering angle is primarily caused by the un-
certainties in the detector energy resolution and Doppler broadening. The choice
of detector material and type of radionuclides greatly influenced these parameters.
The uncertainty in the spatial resolution depends on the interaction point within
the detectors and detector layout. The uncertainty in the Compton camera can
be computed by adding the three uncertainties in quadrature as in Equation 8.6
[88].
‡2◊.T = ‡2◊.E + ‡2◊.DP + ‡2◊.S (8.6)
8.6 Summary of the GRI+ measurements
The reconstructed images show the ability of the Compton camera to passively
interrogate a radioactive waste drum. The most remarkable achievements of the
GRI+ system are:
• Identification of the positions of the radioactive sources. The estimated
positions of the sources are 342.20 ± 3.04 mm and 625.80 ± 5.05 mm as
against the actual source positions of 300.00 ± 2.30 mm and 600.00 ± 3.45
mm. The disparity is due to di culty in aligning the drum central axis to
the mid point of the detectors.
• Estimation of the distance of separation between the two sources to be
283.60 ± 5.89 being 5.5% di erence from the actual separation.
• Identification of the variations in the intensities of the radioactive sources.
The significance of this observation is the ability to locate hotspots in a
real radioactive waste scenario. The significant variation in intensities and
amplitude despite small percentage di erence of 1.54 % in activity is a com-
bination of the non uniform activities of the sources and the di erence in
the distance of each source to the scatterer detector. Gamma-rays from S2
which is 20 cm from the drum central axis will scatter through a higher angle
than those from S1.
• The estimation of the FWHM of the reconstructed image for both X and Y
slices. For the X-slice, the FWHM for the peaks are 69.47 ± 1.50 mm and
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74.98 ± 2.77 mm, while for the FWHM of the reconstructed image for the Y
slice is 82.22 ± 0.61 mm.
The results obtained show that Compton imaging is a reliable alternative in terms
of source localisation for imaging of radioactive waste drum. Industrial applica-
tions obviously will not take as long a time as in this work given that the 500 litres
standard drum used in the work are basically for ILW with activity thresholds of 12
GBq of gamma-rays which is a factor of more than 50,000 to the maximum source
activity used in these measurements. When compared to the existing commercial
system discussed in Section 1.3, GRI+ does not require mechanical collimators
indicating that its sensitivity is not limited by any collimator. Similarly, the reso-
lution of GRI+ was not a ected by the noise induced vibration resulting from the
movement of detector-scanning platform as found in the existing system.
The e ectiveness of the Compton camera for imaging radioactive waste drums
of LLW and ILW wastes can be improved by proper calibration of the drum. This
will address the di culty in getting the drum central axis aligned to the mid point
of the detectors, hence improving the uncertainty associating with computation
of the source positions. The technique is therefore recommended for industrial
application as it can o er reliable and e ective means of waste characterisation.
Chapter 9
Conclusions and Future Work
9.1 Conclusions
The characterisation of radioactive waste is the process of determining the phys-
ical, chemical and radiological properties of the waste in order to establish the
most acceptable means of handling, treatment, processing, storage and disposal
of the waste samples. This characterisation, as a legal requirement, is performed
at every stage of the waste processes. The most critical part of the process is
the radiological characterisation as it involves the knowledge of the presence of
radionuclides, their locations and activity distributions. Identification and quan-
tification of these radionuclides present in a waste drum requires high resolution
gamma-based non-destructive assay instrumentation suitable for measuring more
complex mixtures of radionuclides. The most common form of such gamma-based
non-destructive assay instrumentation is the high purity germanium (HPGe) de-
tector.
This work is therefore, partly to evaluate the responses of a broad energy ger-
manium (BEGe) detector for radiometric interrogation of radioactive waste drums
and also, to investigate the suitability of hotspot localisation using Gamma-Ray
Imager plus (GRI+). The early stage of this work was dedicated to character-
isation and collimator optimisation of the BEGe detector in order to establish
its suitability for waste system assay. The experimental e ciency of the BEGe
detector obtained, validated by the MCNP simulated e ciency, showed the ef-
fectiveness of the detector for waste drum interrogation. The full width at half
maximum (FWHM), which is the measure of the detector energy resolution, was
found to be in agreement with the values published by the manufacturer.
The essential part of the measurement procedure is the calibration of the exper-
imental system which intends to establish the response of the measuring system to
the radioactive sources. The dynamic of this calibration depends on the radioac-
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tive source present in the waste, and the geometrical situation of the waste drum
or container. The experimental procedure involved the use of a BEGe detector to
scan 500 litre standard waste drum used mostly for intermediate level waste.
The most desirable method of e ciency calibration of a radioactive waste drum
in a real measurement entails collecting radioactive waste samples. However, this
approach, apart from being demanding in terms of the need for the storage and
disposal of the used radioactive waste sample, also requires regulatory licensing
for the radioactive waste to be transported to the laboratory for measurements.
Therefore, the procedure adopted in this work was to position radioactive source(s)
at di erent points inside the drum and the radiometric responses from BEGe de-
tector recorded. A two way e ciency calibration performed to investigate the
detector e ciency response to radioactive sources at di erent positions inside the
waste drum were (a) detector to source distance of 17 cm, and (b) detector to
source distance of 55 cm. Photoelectric absorption of the low energy gamma-ray
shown by sharp rise in e ciency from 59.54 keV to 121.78 keV was observed for
both measurements.
This measurement procedure for the actual interrogation of the drum to locate
the hotspot positions was achieved by segmenting the drum axis into segments
and by performing vertical, radial and angular scanning of the drum. Detector
responses were obtained and recorded as projections. These projections were typ-
ically the count rate for each segment of the measurement. The processing of
projections from multiple scanning steps created three dimensional images of the
drum contents. The location and size of the radioactive source was subsequently
visualised through image reconstruction using the filtered back projection (FBP)
function in MATLAB.
9.1.1 Tomographic Scanning of the Drum
It has been demonstrated through the results of image reconstruction obtained
from the tomographic scanning of the radioactive waste drum that,
I BEGe detectors can e ciently be utilised for localisation and quantification
of radioactive hotspots at di erent points inside the waste drum. The is
based on the excellent e ciency and superior energy resolution of the BEGe
detector for the gamma-ray energy range considered.
I A well collimated BEGe detector can localise two or more hotspots of non-
uniform activity or intensity. This result is vitally important given that
radioactive wastes constitute essentially non homogeneous source distribu-
tions and that proper localisation of the each hotspot will not only help in
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limiting the concentration of radionuclides in the wastes, but to a larger
extent help in waste management.
I An extended radioactive source of non-uniform intensity/activity distribu-
tion can be reconstructed to get the approximate dimensions and intensity
variation of the original source. A 137Cs source of 15 cm length and 1.5 cm
in diameter inside the waste drum was measured using the collimated BEGe
detector and an estimated source length of 14.9 ± 1.7 cm was obtained from
the reconstructed image. The percentage di erence of 5.65 % between the
two ends of the extended source clearly showed the evidence of non-uniform
intensity/activity distribution of the source at both ends.
I There was an increase in uncertainties in estimating the source activity for
non-axial source positions to the axial source positions. This was shown
by the higher percentage deviation of calculated to true activities of 133Ba
(15.16 %), 22Na (13.69 %), and 137Cs (9.78 %), all non-axial position sources
as against the 60Co (6.22 %), an axial source position.
9.1.2 MCNP Simulations for Validation of Activity Com-
putation
Detailed MCNP simulations were carried out to examine the e ect of the drum
wall and matrices on the activity of the radioactive sources. The flexibility of the
MCNP modelling allowed for fast computation of the BEGe detector responses for
any type of drum packages, source positions and detector measurement positions.
It was possible to demonstrate through this work that MCNP can be utilised to
obtain good results for modelling the responses of BEGe detectors and radioactive
source(s) inside the waste drum. Notable among the conclusions from the MCNP
modelling include are:
I An improved simulated activity for both axial (60Co), and non-axial (133Ba,
22Na, and 137Cs) source positions as presented in Table 9.1.
I A computation of the gamma-ray transmission factor and % attenuation
for four matrices. Gamma-ray energy, density and elemental composition of
the matrix as well as the source to detector distance are important factors
on which the transmission and attenuation of gamma-ray through matrix
depend.
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Table 9.1: % improvement of the simulated activity to the calculated activity of
radionuclides.
Radionuclides Energy Simulated Calculated Improvement
Reference (keV) (kBq) Activity (kBq) (%)
133Ba 80.99 638.39 ± 28.48 634.58 ± 39.34 0.60
137Cs 661.67 414.36 ± 18.01 408.74 ± 22.98 1.39
22Na 1274.47 100.90 ± 10.67 99.26 ± 19.85 1.65
60Co 1173.28 229.13 ± 16.72 227.90 ± 29.46 0.54
60Co 1332.50 233.20 ± 19.12 231.60 ± 34.57 0.69
It is shown from the simulated results that an accurate utilisation of Monte Carlo
N-Particle (MCNP) modelling technique can be applied to validate the detec-
tor e ciency, activity quantification and attenuation e ects of matrices on the
radioactive waste drum.
9.1.3 GRI+ System for Waste Drum Measurement
The reliance of the passive gamma-ray detection techniques on mechanical collima-
tion for hotspot localisation not only introduces complex geometrical corrections
but also, poses di culty in an on-site application such as nuclear site characteri-
sation and facility decomissioning.
The most remarkable achievements by the GRI+ system are:
I Localisation of the positions of the radioactive sources. The Compton cam-
era system was able to estimate positions of the sources as 342.20±3.04 mm
and 625.80 ± 5.05 mm compared the actual source positions of 300.00 ± 2.30
mm and 600.00 ± 3.45 mm. The disparity (about 14.1 %) is due to di culty
in aligning the drum central axis to the mid point of the detectors which
may have introduced uncertainties on the positions of the sources.
I Calculation of the distance of separation between the two sources to be
283.60 ± 5.89 being 5.5 % di erence from the actual separation.
I Clear identification of the variations in the intensities and activities of the ra-
dioactive sources. The importance of this observation is the ability of GRI+
to localise hotspots in a real radioactive waste samples. The remarkable vari-
ation in intensities and amplitude despite small percentage di erence of 1.54
% in activity is a combination of the non uniform activities of the sources
and the di erence in the distance of each source to the scatterer detector.
I The estimation of the FWHM of the reconstructed image for both X and Y
slices. For the X-slice, the FWHM for the peaks are 69.47 ± 1.50 mm and
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74.98 ± 2.77 mm for S1 and S2 sources respectively, whilst the FWHM of
the reconstructed image for the Y slice is 82.22 ± 0.61 mm.
Compared to the BEGe detector system, the GRI+ exhibits good quality resolu-
tion as shown in Table 9.2. The loss in energy resolution for the BEGe detector
was due to vibrations caused by the movement of the detector system platform
during segmented gamma scanning as explained in Section 1.3.1. This loss has
detrimental e ect on the image resolution of the BEGe system.
Table 9.2: Comparison of the image resolution measured using peaks from the
two 137Cs. point sources for BEGe detector and GRI+.
Sources Source Activity BEGe GRI+
(kBq) FWHM (mm) FWHM (mm)
137Cs 223 125 ± 6 69.47 ± 1.50
137Cs 230 170 ± 8 74.98 ± 2.77
The performance of the GRI+ system shows that Compton cameras could reli-
ably o er an alternative waste sample imaging technique to heavily collimated seg-
mented gamma scanning in terms of source localisation for radioactive waste drum.
In an industrial application data collection times will be significantly shorter as the
activity of the waste will be higher than the laboratory sources used in this work.
For ILW the activity threshold is 12 GBq per tonne for beta particles or gamma-
rays. This technique, which has not previously been used for imaging of the 500
litre standard stainless steel waste drum, is therefore recommended for industrial
applications as it o ers reliable and e ective methods of waste characterisation for
intermediate level waste (ILW).
9.2 Future Work
The work presented in this thesis improves the quantification and localisation of
radioactive sources in a typical waste drum. This was achieved through processes
of segmented gamma scanning of the drum and simulations in order to evaluate
the e ciency and e ectiveness of BEGe detector to waste characterisation. Fur-
ther work is still needed to be carried out in order to develop a system that can
o er high degree of accuracy and precision in measurements.
A number of factors such as self absorption not considered in this research work
could impose uncertainty to the results of a real waste sample, and consequently
limit the accuracy of the measurements. As this research work considered the use
of radioactive sources in place of real waste samples, due to the fact that regu-
latory licensing is required for both the use of the radioactive waste samples in
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the laboratory and disposal of the used samples, it will be necessary to perform
a radiological characterisation of a real waste drum to estimate the contributions
and e ects of self absorption to the e ciency of the measurements. The will help
to greatly improve the accuracy and precision of radioactive waste assay.
The e ect of matrix attenuation on the gamma-ray signals was estimated using
simulations. Further experimental investigation could be performed to calculate
this e ect using transmission sources (external radioactive sources). The trans-
mitted factor can then be determined by calculating the ratios of the transmitted
count rate to those obtained through an empty sample drum.
The mobility of the GRI+ is such that it can be moved for an on-site mea-
surements. Many nuclear power facilities and sites being decommissioned require
radiological characterisation. We therefore recommend that the GRI+ system
could be applied to characterisation of these facilities and sites as well as interro-





A.1 Standard Waste Drum for Low/Intermediate Level
The waste drum is a standard 500 litre drum waste container of dimensions 1200
mm by 800 mm and wall thickness of 7 mm. The drum is fabricated from stainless
steel and is suitable for the packaging of low heat generating waste. The table
below shows the elemental composition of the drum wall which is made of stainless
steel.
Table A.1: Material compositions of 500 litre standard waste drum wall.
Material Composition Z Weight Fraction Density (g/cm3)
Stainless Steel Carbon 6 0.000300 8.00
















Figure A.1: A 500 litre standard waste drum for low heat generating packaging
showing dimensions. Wall thickness is 7 mm
Figure A.2: The physical form of 500 litre standard waste drum for low heat
generating packaging.
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A.2 Material choice for the Drum Wall




Four attenuating materials (matrices) used for gamma attenuation/absorptions are
Concrete (Los Alamos), Bitumen (Asphalt), Polymer (Epoxy resin) and a com-
posite of polymer concrete material. The gamma attenuation/absorption power
of these materials depends on their elemental compositions and densities as shown
in the table below obtained from [62] for concrete and bitumen, whilst the density
and elemental composition of epoxy resin was obtained from [5].
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Table B.1: Material compositions of gamma attenuating matrices inside the
waste drum.
Matrix Content Z Weight Fraction Density (g/cm3)




Concrete Hydrogen 1 0.004530 2.25






Bitumen Hydrogen 1 0.103725 1.30






Polymer Hydrogen 1 0.76300 1.25
(Epoxy Resin) Carbon 6 0.06700
Oxygen 8 0.170000
Attenuation Matrices 153
B.1.1 Polymer Concrete Composite (PCC)
As concrete, bitumen and polymer have been used extensively for immobilisation
of radioactive waste, this work investigated the e ects of polymer (epoxy resin) in
strengthening the gamma-ray shielding properties of concrete. The density of the
composites, flpcc, was calculated by mix proportion based on the elemental weight






where fli and Êi are respectively the density and weight fraction of the ith compo-
nent of concrete and epoxy resin in the composites.
The weight fractions, density and calculated elemental compositions based on the




































































































































































































































































































































































































































































































































Figure B.1: Comparison of the simulated transmission factor for the change in %
composition of epoxy resin and concrete.
Figure B.2: Comparison of the simulated % attenuation for the change in %
composition of epoxy resin and concrete.
Appendix C
MCNP Simulation Files
C.1 Detector Collimator Optimisation
The following file is one of the code for the detector collimator optimisation used
to validate the experimental measurements as described in Chapter 5. The file
can be rerun in a text format.
MCNP Code for the Optimisation of Collimated BEGe detector
C
C ################ Material Densities ################
C Ge = -5.35 Al = -2.7 Cu = -8.92 Natural carbon = -1.42
C
C ################# Define Cells ##################
C
1 1 -5.35 -41 4 -5 #(-1 3 -5) #(21 -22 -23 2) imp:p 1 $Detector
11 1 -5.35 -1 2 -5 #(-1 3 -5) #(-41 4 -5) #(21 -22 -23 2) imp:p 1 $Lateral & back
dead layer
111 1 -5.35 -1 3 -5 imp:p 1 $Front Dead layer
2 2 -2.7 -14 18 -17 #(-15 18 -16) #(-19 -20 16) #(-19 20 -17) #(-11 13 -3) imp:p
1 $Al cap
3 0 -15 18 -16 #(-1 2 -5) #(-11 13 -3) #(-9 8 -7) #(-19 -20 16) #(-19 20 -17)
imp:p 1 $Vacuum between Al cap and cu holder
4 4 -1.42 -19 20 -17 imp:p 1 $Carbon Epoxy window
5 0 -19 -20 16 imp:p 1 $Vacuum below the carbon window
6 3 -8.92 -11 13 -3 #(-10 12 -3) imp:p 1 $Cu cylinder
61 0 -10 12 -3 #(-1 2 -5) #(-1 3 -5) imp:p 1 $Vacuum between detector and cu
shell
62 3 -8.92 -9 8 -7 #(-11 8 -7) imp:p 1 $Cu first notch cylinder
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63 0 21 -22 -23 2 imp:p 1 $First groove
64 5 -11.34 -24 -25 26 #(-1 2 -5) #(-1 3 -5) #(-9 8 -7) #(-11 13 -3) #(-27 17 -25)
#(-14 18 -17) imp:p 1 $Lead collimator
65 0 -27 17 -25 imp:p 1 $Lead collimator aperture
7 0 100 imp:p 0 $Define world
71 0 -100 #(-1 2 -5) #(-1 3 -5) #(-9 8 -7) #(-11 13 -3) #(-14 18 -17) #(-24 -25
26) #(-27 17 -25) imp:p 1 $Define world
C ################# Define Surfaces #################
C
1 cx 4.575 $Radius of the Ge detector (Active Diameter=91.5 mm)
2 px 0 $Near end of the Ge detector
3 px 3.15 $Far end of the Ge detector
4 px 0.0004 $Bottom Dead layer (0.004 mm)
41 cx 4.5746 $Define lateral Dead layer (0.004 mm)
5 px 3.1504 $Front Dead layer depth (4um)
C 6 px 3.15 $Upper limit of cu shell
7 px 3.00 $Upper limit of first notch in the Cu shell
8 px 2.25 $Lower surface of the first notch
9 cx 4.835 $First notch cylinder (outside thickness is 1 mm)
10 cx 4.585 $Internal Cu Cap
11 cx 4.685 $Outer Cu cap (Thickness is 1 mm)
12 px -1.30 $Lower limit of Cu Shell (inner surface)
13 px -1.40 $Lower limit of Cu Shell (Outer surface)
14 cx 5.715 $Outer Al cap (Diameter = 114.3 mm)
15 cx 5.555 $Internal Al cap (Al thickness = 1.6 mm)
16 px 3.65 $Upper Al shell (inner surface)
17 px 3.81 $Al shell thickness (1.6 mm)
18 px -2.60 $Lower limit of Al Shell
19 sx 4.0 4.915 $Carbon window defined as a sphere
20 px 3.75 $Carbon Epoxy thickness (0.6 mm)
21 cx 0.675 $Radius of P+ contact (Internal diameter = 13.5 mm)
22 cx 1.1 $Outer radius (OD = 22 mm to separate the P+ from n+)
23 px 0.25 $Groove depth = 2.5mm
24 cx 7.715 $Collimator radius
25 px 6.81 $near limit of the lead collimator
26 px -4.81 $far limit of the lead collimator
27 cx 0.1 $Lead collimator aperture
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100 so 150 $Define World
C
mode p $photon transport
C
C ################# Define Source #################
C Cs-137 (x-rays)
C
sdef pos=28.81 0 0 erg=d1
SI1 l 31.817e-3 32.194e-3 36.357e-3 37.450e-3 661.660e-3
SP1 d 0.0205 0.0377 0.0104 0.00264 0.8521
C
C ################# Define Tallies #################
C
f8:P 1
e8 1.72e-3 8190I 2.43734 $0.297 keV bin size
ft8 geb 6.997e-4 2.869e-4 6.967e-4 $Ge detector coefs
C
C ################ Define Materials ################
C
m1 32000 1.0 $GE detector
m2 13000 1.0 $Aluminium
m3 29000 1.0 $Copper
m4 6000 0.834 8016 0.093 1001 0.073 $Carbon Epoxy
m5 82000 1 $Lead
C
C ################ Define Run Time ################
C
PRDMP 0 0 1 1 0
nps 1000000000
C.2 Validation of Radioactive Waste Drum Counting Sys-
tem
The following file is one of the codes for the assay of radioactive waste drum using
BEGe detector. This code was used to validate the experimental measurements
as described in Chapter 6. The file can be rerun in a text format.
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MCNP code for radioactive waste assay with BEGe detector
C
C ################ Material Densities ################
C Ge = -5.35 Al = -2.7 Cu = -8.92 Natural carbon = -1.42
C
C ################# Define Cells ##################
C
1 1 -5.35 -41 4 -5 #(-1 3 -5) #(21 -22 -23 2) imp:p 1 $Detector
11 1 -5.35 -1 2 -5 #(-1 3 -5) #(-41 4 -5) #(21 -22 -23 2) imp:p 1 $Lateral & back
dead layer
111 1 -5.35 -1 3 -5 imp:p 1 $Front Dead layer 2 2 -2.7 -14 18 -17 #(-15 18 -16)
#(-19 16 -20) #(-19 20 -17) #(-11 13 -3) imp:p 1 $Al cap
3 0 -15 18 -16 #(-1 2 -5) #(-11 13 -3) #(-9 8 -7) #(-19 16 -20) #(-19 20 -17)
imp:p 1 $Vacuum between Al cap and cu holder
4 4 -1.42 -19 20 -17 imp:p 1 $Carbon Epoxy window
5 0 -19 -20 16 imp:p 1 $Vacuum above the carbon window
6 3 -8.92 -11 13 -3 #(-10 12 -3) imp:p 1 $Cu cylinder
61 0 -10 12 -3 #(-1 2 -5) #(-1 3 -5) imp:p 1 $Vacuum between detector and cu
shell
62 3 -8.92 -9 8 -7 #(-11 8 -7) imp:p 1 $Cu first notch cylinder
63 0 21 -22 -23 2 imp:p 1 $First groove
64 5 -11.34 24 -25 26 -27 28 -29 imp:p 1 $Lead collimator
65 5 -11.34 24 -25 26 -27 -30 31 imp:p 1
66 6 -8.000 -51 50 imp:p 1 $Radioactive waste drum
67 7 -0.001205 -50 imp:p 1 $Air
68 6 -8.00 -53 52 imp:p 1 $Radioactive waste drum
69 7 -0.001205 -52 imp:p 1 $Air
70 6 -8.00 -55 54 imp:p 1 $Drum
72 7 -0.001205 -54 imp:p 1 $Air
7 0 100 imp:p 0 $Define world
71 0 -100 #(-1 2 -5) #(-1 3 -5) #(-9 8 -7) #(-11 13 -3) #(-14 18 -17) #(24 -25 26
-27 28 -29) #(24 -25 26 -27 -30 31) #(-51 50) #(-50) #(-53 52) #(-52) #(-55 54)
#(-54) #(-50:-52:-54) imp:p 1 $Define world
C ################# Define Surfaces #################
C
1 cx 4.575 $Radius of the Ge detector (Active Diameter=91.5 mm)
2 px 0 $Near end of the Ge detector
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3 px 3.15 $Far end of the Ge detector
4 px 0.0001 $Bottom Dead layer (0.004 mm)
41 cx 4.5749 $Define lateral Dead layer (0.004 mm) 5 px 3.1504 $Front Dead layer
depth (4um)
C 6 px 3.15 $Upper limit of cu shell
7 px 3.00 $Upper limit of first notch in the Cu shell
8 px 2.25 $Lower surface of the first notch
9 cx 4.835 $First notch cylinder (outside thickness is 1 mm)
10 cx 4.585 $Internal Cu Cap
11 cx 4.685 $Outer Cu cap (Thickness is 1 mm)
12 px -1.30 $Lower limit of Cu Shell (inner surface)
13 px -1.40 $Lower limit of Cu Shell (Outer surface)
14 cx 5.715 $Outer Al cap (Diameter = 114.3 mm)
15 cx 5.555 $Internal Al cap (Al thickness = 1.6 mm)
16 px 3.65 $Upper Al shell (inner surface)
17 px 3.81 $Al shell thickness (1.6 mm)
18 px -2.60 $Lower limit of Al Shell
19 sx 4.0 4.915 $Carbon window defined as a sphere
20 px 3.71 $Carbon Epoxy thickness (0.6 mm)
21 cx 0.675 $Radius of P+ contact (Internal diameter = 13.5 mm)
22 cx 1.1 $Outer radius (OD = 22 mm to separate the P+ from n+) 23 px 0.25
$Groove depth = 2.5mm
24 px 3.82 $Collimator
25 px 11.32 $near limit of the lead collimator
26 py -7.5 $lead collimator length
27 py 7.5 $Lead Collimator length
28 pz 0.5 $Lead collimator width 29 pz 7.5 $Lead collimator width
30 pz -0.5
31 pz -7.5
50 RCC 58.82 0 -59.85 0 0 85.85 39.85 $Drum inner
51 RCC 58.82 0 -60 0 0 86 40 $Drum outer
52 RCC 58.82 0 43 0 0 17 34.85
53 RCC 58.82 0 43 0 0 17 35
54 TRC 58.82 0 26 0 0 17 39.85 34.85. $Truncated part
55 TRC 58.82 0 26 0 0 17 40 35 $Truncated part
100 so 200 $Define World
C
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mode p $photon transport
C
C ################# Define Source #################
C Multi Energy gamma-rays
C
sdef pos=58.82 0 0 erg=d1
si1 l 121.7758e-3 244.6923e-3 344.286e-3 411.122e-3 443.890e-3
778.920e-3 867.348e-3 964.110e-3 1085.885e-3 1112.075e-3 1408.002e-3
sp1 d 0.287 0.0758 0.265 0.0223 0.0282 0.1298 0.0421 0.146 0.102 0.136 0.208
C
C ################# Define Tallies #################
C
f8:P 1
e8 0 8190I 1.5 $0.297 keV bin size
ft8 geb 6.997e-4 2.869e-4 6.967e-4 $Ge detector coefs
C
fmesh14:p geom= xyz origin= -10 -40 -60
imesh= 100 iints= 200
jmesh= 40 jints= 100
kmesh= 60 kints= 100
C
C ################ Define Materials ################
C
m1 32000 1.0 $GE detector
m2 13000 1.0 $Aluminium
m3 29000 1.0 $Copper
m4 6000 0.834 8016 0.093 1001 0.073 $Carbon Epoxy
m5 82000 1 $Lead
m6 6000 -0.000300 $Carbon weight fractions
14000 -0.010000 $Silicon weight fractions
15000 -0.000450 $Phosphorus weight fractions
16000 -0.000300 $Sulphur weight fractions
24000 -0.170000 $Chromium weight fractions
25000 -0.020000 $Manganese weight fractions
26000 -0.653950 $Iron weight fractions
28000 -0.120000 $Nickel weight fractions
42000 -0.025000 $Molybdenum weight fractions
m7 6000 -0.000124 $Carbon




m8 1000 -0.143716 6000 -0.856284 $Polythene
C
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